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Abstract of the Dissertation

Azimuthal Correlation and Conditional
Yield Measurements at√

sNN=200GeV in Au+Au, d+Au and
p+p Collisions at RHIC

by

Anne Marie Sickles

Doctor of Philosophy

in

Physics

Stony Brook University

2005

Advisor: Barbara Jacak

One of the most interesting results from the first year of Rela-

tivistic Heavy Ion Collider (RHIC) running was the increase in

the ratio of protons and anti-proton to pions at intermediate pT

(2< pT <4.0GeV/c ) by a factor of ≈3 from p+p collisions to

central Au+Au collisions. There has been much interest in deter-

mining whether the source of these extra protons and anti-protons

was primarily due to jets, a collection of correlated particles re-
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sulting from large momentum transfer parton collisions, or soft,

low momentum transfer, particle production. Soft production sce-

narios that could explain the baryon excess include recombination

models which predict intermediate pT particle production to be

dominated by hadrons formed by low pT quarks recombining into

final state hadrons due to the high phase space density in head on

Au+Au collisions.

Yields of hadrons associated with intermediate pT trigger hadrons

measured in 200 GeV Au+Au, d+Au and p+p collisions at midra-

pidity as a function of the trigger and associated hadron species,

associated hadron pT and centrality in Au+Au collisions are stud-

ied in the PHENIX Experiment at RHIC.

Associated yield for the near side is independent of trigger hadron

type except for the most central Au+Au collisions. Associated

yields for trigger mesons are higher in Au+Au than in d+Au

and p+p. Identified associated means exhibit the same trend as

when the associated particle is not identified. Identified associated

baryons show no dependence on trigger type or centrality. Asso-

ciated yields for proton triggers with anti-proton partners are in

agreement with yields for anti-proton triggers and proton partners

and the associated yield for proton triggers with proton partners

and anti-proton triggers and anti-proton partners are both consis-

tent with zero. There is no trigger particle dependence on the away

side.
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These results are inconsistent with a soft baryon source. The in-

crease in the near side associated yields from p+p to Au+Au col-

lisions suggests the medium created in Au+Au collisions modifies

the jets strongly as they pass through the medium. Further study

is necessary to understand why the associated yields are modified

and the interaction with the medium results in baryon rich jets at

intermediate pT .
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Chapter 1

Introduction

1.1 Quark Gluon Plasma and RHIC

The goal of the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National

Laboratory is to recreate a phase of matter not seen since a few micro-seconds

after the Big Bang. At this time the the temperature of the universe was

so large that quarks and gluons were not bound inside nucleons (protons and

neutrons), but existed as a quark-gluon plasma (QGP). As the universe cooled

quarks and gluons became confined in nucleons by the strong force. As the

universe cooled further, atomic matter, which dominates the visible universe

today, formed.

The strong force, in contrast to the electromagnetic and gravitational forces

which decrease as the inverse square of the distance between the particles, gets

stronger as the distance between the particles increases. Because of this, bare

quarks and gluons (collectively, partons) are not observed in nature today. As

the distance between two strongly interacting particles grows, more energy is
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required to further separate them. Eventually, the potential energy between

the quarks or gluons becomes great enough to create a new quark-anti-quark

out of the vacuum, preventing bare partons from existing in normal conditions.

Attempts to create the QGP at RHIC involve raising the temperature beyond

that at which normal nuclear matter can exist.

At RHIC two counter circulating beams of gold nuclei are collided into each

other with a center of mass energy of
√

sNN =200GeV. At this high energy

the partons from the two nuclei interact as the nuclei pass through each other.

A fireball is created with a large temperature and energy density. Due to high

collision rates of partons within the fireball, the created system is expected

to be quickly thermalized, ≈2 fm/c, with a high temperature, approximately

175MeV (≈2 trillion degrees Kelvin). At these high temperatures the long

distance behavior of the strong force is predicted to be greatly weakened [1].

The initial energy density of the collision region can be estimated by the

Bjorken energy density [2], εBj,

εBj =
1

τform

dET (τform)

dy
(1.1)

where τform is a proper time after which the produced particles can be consid-

ered formed. A realistic value of τform is 0.35 fm/c [3], which is greater than

the crossing time of the nuclei through each other 2R/γ (about 0.13 fm/c for

Au nuclei at
√

sNN=200GeV). dET
dy is the transverse energy per unit rapidity

(rapidity is defined in Section 1.3). PHENIX has measured dET
dη =600GeV [4]

(in the limit where the particle masses are small η = y). This leads to an

energy density of 15 GeV/fm3.
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The hot dense matter created in the collisions does not last long enough

to be directly measured. The lifetime of the system is on the order of 10fm/c;

even with most of the particles leaving the collision region at nearly the speed

of light, the spatial extent of the system is on the order of 10−14m. The

properties of the system must be inferred from the remnants of the collision

which reach detectors a few meters away from the collision region. The non-

interacting pieces of the Au nuclei continue forward in the beam direction after

the collision, but in the collision region energy is scattered perpendicular to the

beam direction. These particles which are the remains of inelastic parton and

nucleon scattering of the collision are what is of interest to us in the present

analysis. Properties of the medium can be measured from the interactions

between the particles as they leave the interaction region.

The collisions are measured by four detectors constructed around the ring:

PHENIX, STAR, BRAHMS, and PHOBOS. PHENIX and STAR are large de-

tectors designed to measure as much about the collisions as possible. BRAHMS

is a small acceptance detector designed to measure particles as a function of

the scattering angle with respect to the initial beam direction and PHOBOS

is a small detector with large acceptance designed to count the charged par-

ticle multiplicity. The data presented here were measured with the PHENIX

detector.
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1.2 Control Systems: d+Au and p+p Colli-

sions

Due to the complexity of Au+Au collisions (in a head on collision a few thou-

sand particles are created) it is necessary to compare the measurements with

simpler systems. At RHIC collisions between two protons (p+p collisions) and

between a deuteron and a gold nucleus (d+Au collisions) at the same energy

per nucleon are also measured. Both collisions do not create the large hot

medium expected in Au+Au collisions, but there should still be many similar-

ities in the pre- and post- collision times. As the QGP expands and cools the

phase space density decreases thus the formation processes for the final ob-

served hadrons should be similar in all three collision systems. d+Au collisions

also provide information about nuclear effects coming from the initial state of

the large nuclei. Without this control system it would be harder to determine

whether changes in the final state of Au+Au collisions were due to the medium

produced by the collision or to conditions in the initial nuclei. Deuterons are

used instead of protons in the asymmetric collisions because of the charge to

mass ratio is of the deuteron is closer to that of gold; no significant nuclear

effects are expected from the addition of a single neutron.

1.3 Definitions and Kinematic Quantities

Here we define some quantities which will be used throughout this work.
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Center of Mass Energy The center of mass energy is expressed via the

Lorentz scalar s. The collision energy per nucleon pair is
√

sNN . The collisions

studied here all have
√

sNN =200GeV; each beam momentum is 100GeV/nucleon:

100GeV for proton beams, 200GeV for deuteron beams and 19.7TeV for Au

beams.

Momentum and Energy In this analysis particles are primarily classified

according to their transverse momentum, pT which is the projection of the

particle’s 3-momentum onto the plane perpendicular to the beam axis

pT = |p| sin θ (1.2)

where θ is the angle of the particle’s direction with respect to the beam axis.

Rapidity, y, is related to the particle’s momentum along the beam axis:

y =
1

2
log

E + pz

E − pz

where E is the particle’s energy and pz is the particle’s momentum along the

beam axis. Pseudo-rapidity η is also useful as a measure of the particle’s angle

with respect to the beam axis:

η = − log tan
θ

2

In the limit of massless particles y = η.
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Scattering Each parton carries a fraction x of its parent nucleon’s total ini-

tial momentum. Parton-parton scattering is characterized by the momentum

transfer between the partons the square of the momentum transfer, Q2.

1.3.1 Centrality

The nucleon distribution inside nuclei can be described by the Woods-Saxon

density profile:

ρ(r) =
ρ0

1 + e
r−R

a

with

R = (1.12A1/3 − 0.86A−1/3)fm (1.3)

ρ0 = 0.169fm3 (1.4)

a = 0.54fm (1.5)

ρ(r) is the density of nucleons per cubic fm as a function of the distance from

the nuclear center, which is shown in Figure 1.1 for Au nuclei. The radius of

a Au nuclei (Equation 1.4 is approximately 6.4fm. The impact parameter for

a Au+Au collision can be greater than 15fm (as seen in Figure 1.1 there is a

non-zero nucleon density for radii up to approximately 8fm).

Glauber Model The Glauber model [5] is a geometrical model that uses

information about the size and shape of the nuclei to model the number of

nucleons involved in the collision, participating nucleons, and the number of

binary nucleon-nucleon collisions which occur. The collision is modeled in

6



Figure 1.1: Wood-Saxon density distribution as a function of the distance from
the nuclear center for a Au nuclei using the parameters described in the text.

terms of nucleons. The nucleon-nucleon cross section is assumed to stay con-

stant and the nucleon trajectory remains a straight line for all binary collisions

an individual nucleon undergoes. The PHENIX Glauber calculation uses a

nucleon-nucleon cross section, σ of 42mb. A collision is said to occur if

b <
√

σ

π
. (1.6)

There are equations for the various parameters in the Glauber model, but

PHENIX uses a Monte Carlo in order to map the Glauber parameters to

experimental observables [6]. Experimentally, the number of collision partici-

pants can be measured from the spectator nucleons (those nucleons from the

Au nucleus which do not interact) measured downstream from the collision

region. The number of binary collisions is not a directly measurable quantity

and must rely on models about how the nucleons interact with each other.

Centrality is a measure of the percentage of the total cross section with
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a smaller impact parameter; a collision with 5% centrality has an impact

parameter such that 95% of collisions have a larger impact parameter. Impact

parameter cannot be directly measured, but there are many methods to infer

the impact parameter from the remains of the nuclei. Two other commonly

used parameters related to the collision centrality are the number of binary

collisions, Ncoll, and the number of participating nucleons, Npart. The number

of binary collisions is the number of collisions between pairs of nucleons in the

initial stages of the collisions. If there are no nuclear effects and heavy ion

collisions are just a collection of independent nucleon-nucleon collisions than

particle yields should be the p+p values scaled by Ncoll. Deviations from this

scaling are a measure of the medium effects. The number of participating

nucleons is just the number of nucleons that interacted in the collision. For

large impact parameters this number is small and for small impact parameters

this number approaches 394, the total number of nucleons in the two Au nuclei.

The details of the PHENIX centrality measurement will be discussed in Section

2.2.3.

1.4 Hard Scattering as a Probe of the QGP

Quantum Chromodynamics Quantum chromodynamics (QCD) is the the-

oretical description of the strong force–the force between particles carrying

color charge. Quarks carry color and electric charge and gluons, the strong

force mediators, also carry color charge. QCD also has the property of asymp-

totic freedom [7] where the strength of the interaction between colored particles

is small when the particles are close together and grows as the particles move
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apart. One important consequence of this is confinement, colored objects are

not observed in normal situations. As two colored objects are moved apart

in vacuum the energy required to further separate them increases until it is

energetically favorable to produce a quark-anti-quark (qq̄) pair between the

quarks that were being separated.

One way to probe the created medium in heavy ion collisions is through a

study of hard scattering, the scattering of two partons with large momentum

transfer, Q2. Hard scattering processes are a powerful tool for studying the

medium in Au+Au collisions because unlike small Q2 processes, hard scatter-

ing cross sections are directly calculable in perturbative QCD (pQCD); because

of the small length scale the coupling is small. Figure 1.2 shows the jet cross

sections from five experiments at five collision energies compared to a next to

leading order (NLO) pQCD calculation. Good agreement is observed between

the theory and the data.

Fragmentation The outgoing partons fragment into the final state hadrons,

collectively jets, as they leave the collision region. Fragmentation is the non-

perturbative process by which single partons become hadrons. The outgo-

ing scattered parton radiates gluons which split into qq̄ pairs. These quarks

and anti-quarks become the observed jet hadrons. Fragmentation is non-

perturbative because the hadronization process for the quarks and anti-quarks

involves low momentum scales and the coupling is strong.

Since fragmentation is non-perturbative it is not possible to calculate frag-

mentation functions from pQCD. Instead they are measured from the jet par-

ticle distributions. Since the jet cross sections are known the fragmentation
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functions can be disentangled from the calculated cross section. Because of

factorization, the fragmentation functions are independent of the details of the

hard scattering process. the cross section for hadron production, dσc(l), are

written in terms of a piece which depends only on the hard scattering cross

section, dσ̂a(l/z), and a piece which depends only on the parton fragmentation

into a hadron, Dc/a(z) [9]:

dσc(l) =
∑

a

∫ 1

0
dzdσ̂(l/z)Dc/a(z) (1.7)

The sum is over the different quark flavors and c is the final hadron type. l

is the hadron momentum and z is the fraction of the parton momentum the

hadron carries. Fragmentation functions can also be applied to different Q2

using evolution equations. Measurements of fragmentation functions can be

made in simple systems, such as e++e− collisions and used in more complicated

systems such as p+p collisions and perhaps Au+Au collisions.

String Model of Fragmentation The string model is a successful paradigm

for understanding the fragmentation process. In this model, which is imple-

mented in the event generator PYTHIA [10], the partons pull a “string” as

they travel apart from each other. When the tension in this string, the po-

tential energy between the partons, becomes large enough it breaks and a

quark/anti-quark pair is created. The process continues until some low mo-

mentum cutoff where hadrons are formed from the produced quarks and anti-

quarks. Baryon production in the string model comes from the production

of a diquark/anti-diquark pair, which is suppressed due to the larger mass
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compared to quark/anti-quark formation. This explains the reduced proba-

bility for producing baryons compared to lighter mesons in e+ + e− and p+p

collisions [11, 12, 13].

1.4.1 Jets

Jets were first observed in 1975 in e++e− collisions at the SPEAR storage ring

at SLAC [14] at
√

s=7.4GeV based on an event shape measurement, sphericity:

S =
3

2

(
∑

i p
2
⊥,i)min

∑
i p

2
i

(1.8)

∑
i p

2
⊥,i is the transverse momentum with respect to the axis that minimizes

that sum, the jet axis. The lower the value of sphericity, the more collimated

along a single axis the event is. In Figure 1.3 a jet Monte Carlo predicts a

smaller average value of event sphericity than a Monte Carlo which just pro-

duces particles to fill phase space evenly. At center of mass energies of 6.2GeV

and 7.4GeV there is a significant difference in the two model predictions and

the data agree well with the jet model.

Jet Properties The simplest jet properties are the total energy, the multi-

plicity and the spatial width of the jet particles with respect to the direction

of the initial scattered parton. The total energy is just that of the scattered

parton, but the multiplicity and width provide information about the frag-

mentation process. Multiplicity measurements rely on jet finding algorithms,

which are discussed below and are complicated by soft particles which are hard

to assign definitively to jet or non-jet sources. The jet cone width decreases
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with increasing jet energy because hadrons are formed with a characteristic pT

with respect to the parton direction, jT . jT has been measured to be constant

as a function of jet energy [15], leading to more focused jet correlations for

higher energy jets.

Sphericity and other event shape variables can statistically show jets in a

sample of events, but they cannot determine if a single event contains a jet or

not. Quantitative event-by-event jet finding is generally done by either cone

jet finders [16, 17] where a large amount of energy inside a cone of half angle

R =
√

∆η2 + ∆φ2 is defined as a jet. Cones have R of 0.7. The other main

jet finder used in high energy physics is the k⊥ jet finder [18] which combines

particles with small emission angles.

In e++e− and p+p collisions a jet event does not contain much background

from other processes, but in head on heavy ion collisions there are thousands

of particles particles produced, whereas a jet creates only a few. Consequently,

normal jet finding algorithms cannot currently be used in heavy ion collisions.

Event shape variables are also not useful, since the event shape will be deter-

mined primarily by the non-jet part of the event. Work is on-going to find

individual jets in heavy ion collisions, since it will be very interesting to study

in detail how the jet properties change in quark gluon plasma.

1.4.2 Hard Scattering in e+ + e− Collisions

e+ + e− collisions provide the simplest environment to study hard scattering.

The two beam leptons annihilate to form a virtual photon which decays into

a qq̄ pair, each with the beam energy; cross sections for such processes can
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be calculated perturbatively. The quarks then fragment into the final state

hadrons which are observed in the detector.

e+ + e− collisions provide the cleanest system in which to measure frag-

mentation functions. Because of factorization these fragmentation functions

can then be used in other systems. Figure 1.4 shows fragmentation functions

for quark and gluon jets as measured in the OPAL experiment [19]. Gluon led

jets have a much softer fragmentation function and higher multiplicity than

quarks led jets [20] because the color charge of gluons is larger than quarks.

This increases the amount of gluon radiation in the fragmentation process [21].

The jet cross section falls faster with increasing jet energy than the fragmen-

tation functions do with a final hadron carrying a larger fraction of the total

jet energy. Thus a high energy particle is more likely to be at large z, the

fraction of the jet pT which is carried by a hadron, from a lower energy jet

than at moderate z from a higher energy jet.
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Figure 1.2: Jet cross section as a function of jet energy for a range of collision
energy as observed in multiple experiments. Plot is from [8].
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Figure 1.3: Event sphericity (see Equation 1.8 for center of mass energies of
3.0GeV (a), 6.2GeV (b), 7.4GeV (c) and 7.4GeV with largest x < 0.4 (d).
Solid curves are a jet model and dashed curves are a phase space model. Plot
is from [14].
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Figure 1.4: Fragmentation functions for quark and gluon jets as a function of
xE = E/Ejet where E is the energy of the particle and Ejet is the energy of
the jet. Plot is from [19].
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Figure 1.5: Schematic representation of a hard scattering between partons a
and b in nucleons A and B respectively. fa/A and fb/B are the parton distri-
bution functions. dσ

dt is the hard scattering cross section for partons a and b
into partons c and d. Dh/c and Dh/d are the fragmentation functions.

1.4.3 Hard Scattering in Hadron Collisions

The composite structure of nucleons makes them a less straightforward system

for understanding hard scattering processes. In addition to pQCD cross section

calculations and fragmentation functions, nucleon-nucleon collisions require

knowledge of the probability for finding a parton of type a in a hadron of type

A, the parton distribution functions. Like the fragmentation functions, parton

distribution functions are not calculable in pQCD, but they are universal.

Figure 1.5 schematically shows the ingredients to jet production in hadronic

collisions.

Parton distribution functions (PDFs) are generally measured in deep in-

elastic scattering experiments (DIS). In DIS, there is an electron beam and a

hadronic target. The electron scatters off one of the target protons producing

a jet of hadrons and an outgoing lepton. If the momentum of the outgoing lep-

ton is measured, the Q2 of the interaction is known. The momentum difference

between the incoming and outgoing leptons is the jet momentum.
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The final hadron distributions are a convolution of the PDFs, the jet pro-

duction cross section and the fragmentation functions, each of which can be

measured or calculated independently due to factorization.

With the measured fragmentation functions from e+ + e− collisions it is

possible to calculate the single particle spectra in p+p collisions using pQCD.

Figure 1.6 shows the pT distribution for π0s at
√

s=200GeV p+p collisions as

measured in the PHENIX experiment along with a next to leading order pQCD

calculation. Good agreement between the data and calculation is observed over

eight orders of magnitude.

1.4.4 Hard Scattering in Au+Au Collisions

Hard scattering in Au+Au collisions occurs the same way that it does in

p+p collisions, only scaled by the number of binary collisions. This is known

because the production of direct photons (photons from the hard scattering

process q + g → q + γ) in Au+Au collisions scaled by the number of binary

collisions agrees well with scaled pQCD calculations of p+p collisions [23] as

can be seen in Figure 1.7 which compares the observed yield of direct photons

to the yield expected from a pQCD calculation scaled by the number of binary

nucleon-nucleon collisions. Photons do not interact via the strong force and

thus escape the QCD medium essentially unmodified. The agreement between

hard scattering in p+p and Au+Au collisions is because hard scattering occurs

in the very early phases of the Au+Au collisions before any medium can be

formed.

In Au+Au collisions, to escape the collision region the hard scattered par-
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Figure 1.6: The top panel shows π0 spectrum measured in the PHENIX ex-
periment compared to a next to leading order (NLO) pQCD calculation with
two different fragmentation functions. The relative error sizes are shown in
(b). Panels (c) and (d) show the quality of the agreement between data and
theory as a function of pT . Good agreement is seen for pT >2GeV/c . The
figure is from [22].
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Figure 1.7: Double ratio of the inclusive photon spectra in Au+Au to the
photon spectra expected from the measured hadron decays (such as π0 → γγ)
for both real data over a simulation based on the observed hadron spectra
for five centralities and minimum bias. The red lines are a pQCD calculation
scaled by the number of binary collisions. Figure is from [23].

tons must traverse the medium. The primary mode for interaction between

the hard scattered partons and the medium partons is thought to be hard

scattered partons to radiating gluons via bremsstrahlung after scattering off

color charges in the medium [24]. This causes a depletion of high pT partons

compared to what is expected from binary scaled p+p collisions as can be

seen in Figure 1.8 [25]. The solid data points are the charged hadron spectra

as measured in Au+Au collisions divided by the charged hadron spectra from
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p+p collisions multiplied by the number of binary collisions (Ncoll):

RAA =
1/Nevtd2NAA/dηdpT

〈Ncoll〉/σinel
p p/dηdpT

(1.9)

. The hollow points are the same ratio, but for π0s. An RAA value of 1.0 at all

pT indicates that no nuclear effects occur; Au+Au collisions are a superposition

of Ncoll independent p+p collisions. Each panel shows a different centrality.

In the most central collisions the RAA values are much less than one at high

pT indicating that there are many less high pT particles in Au+Au collisions

than would be expected from Ncoll scaled p+p collisions.

Figure 1.8 also shows a clear difference at intermediate pT (between 2-

5GeV/c) between the suppression of inclusive charged particles and π0s. This

difference is found to be due to the protons and anti-protons which do scale

with the number of binary collisions at all centralities in Au+Au collisions;

Figure 1.9 [26] shows the proton and anti-proton spectra scaled by 1/Ncoll for

four centralities. Above 2GeV/c, the lower limit of intermediate pT , a univer-

sal scaling is observed. The physics of the intermediate pT range is typically

thought to contain elements of both hard and soft physics, while binary scaling

is indicative of hard scattering processes. Single particle observables do not

have the sensitivity to distinguish between binary scaling due to hard scatter-

ing processes and and accidental scaling caused by some unknown soft process.

However, the presence of jet-like spatial correlations between protons and other

particles would provide evidence for a hard scattering origin for at least some

of the protons and anti-protons observed. Purely soft processes would not be

expected to yield additional particles in the angular region characteristic of jet
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Figure 1.8: Ratio of hadron spectra observed in Au+Au collisions to binary
scaled spectra from p+p collisions for nine centralities and minimum bias. A
significant depletion of high pT particles is observed for central collisions which
peripheral collisions agree well with the binary scaling hypothesis. Solid points
are for charged hadrons and hollow points are π0s.
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Figure 1.9: Proton and anti-proton spectra in Au+Au collisions scaled by the
number of binary collisions.

fragmentation.
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1.5 Hadron Production

1.5.1 Soft Particle Production

At pT below roughly 2GeV/c the majority of particles in Au+Au collisions

are not expected to come from jet fragmentation, but rather from soft pro-

cesses. These processes are not well understood, but are characterized by Q2

small enough such that the length scale involved is larger than the size of the

nucleon. Coherence effects are expected to be important and cause violations

of factorization. Thus, the universal fragmentation functions of jet particle

production cannot be used here. Soft particle yields have been observed to

scale with the number of participating nucleons, rather than the number of

binary collisions in Au+Au collisions [27].

1.5.2 Elliptic Flow

For Au+Au collisions with finite impact parameters there exists an initial

azimuthal asymmetry due to the almond shaped nuclear overlap region as

shown in Figure 1.10. Initial multiple scattering collisions transform the initial

state spatial asymmetry into a momentum asymmetry which makes it easier

for particles to escape the collision region along the plane defined by the impact

parameter and the beam axis, called the reaction plane, than perpendicular

to it.

This asymmetry is quantitatively described by v2 where:

dN

dφ
∝ 1 + 2v2 cos(2(φ− ΦRP )). (1.10)
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Figure 1.10: Illustration of the collision geometry in a non-central Au+Au
collision. The reaction plane is the xz plane.

ΦRP is the reaction plane angle and φ is the azimuthal angle. Higher order

terms are small and are ignored. v2 varies with particle type and pT . At low

pT , below roughly 2GeV/c , v2 values are well explained by hydrodynamic

calculations which assume equilibrium established early in the collision and

large pressure gradients leading to strong expansion of the system [3].
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1.5.3 Baryon Excess

As seen in Figure 1.9, the spectra of baryons and anti-baryons at intermedi-

ate pT in Au+Au collisions scales with the number of binary nucleon nucleon

collisions for all centralities as opposed to the π0 and inclusive charged par-

ticle spectra which, show a significant and increasing suppression compared

to binary scaling in more central collisions. Another way of studying the

baryon excess is via the p/π+ and p̄/π− ratios in different collision systems

as a function of pT . Figure 1.11 shows the p/π+ ratio as a function of pT for

p+p, d+Au, peripheral Au+Au, and central Au+Au collisions as measured

by PHENIX. There is approximately a factor of three increase in the value of

p/π+ at intermediate pT . Since the increase is also seen in the p̄/π− ratio, the

increase cannot be due to baryons from the incoming nuclei being scattered to

midrapidity. A larger than expected number of protons and anti-protons are

created in the collision.

The φ meson provides a means of determining what caused the enhanced

proton and anti-proton production. The φ has a mass of 1020MeV/c2, approx-

imately the mass of a proton, but it is a meson. If the φ yield at intermediate

pT scales similarly to that of the proton, then the process which alters the

p/π+ ratio is predominantly sensitive to the mass of the particle, but if the

φ scaling is similar to that of pions the process is sensitive to valence quark

number. Figure 1.12 [29] shows RCP for identified protons and anti-protons,

π0s, and φs. RCP is the binary scaled ratio of the spectra in central collisions

(in this case 0-10%) to peripheral collisions (40-92%). Like RAA, an RCP value

of 1 indicates binary scaling under the assumption that no nuclear effects are
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Figure 1.11: p/π+ ratio (left) and p̄/π− ratio (right) as a function of pT for
p+p, d+Au, peripheral Au+Au and central Au+Au collisions. The p and p̄
do not have the contribution from λ and λ̄ decays removed. Figure is from
[28].

present in peripheral collisions. Both the φ and the π0s are clearly suppressed

relative to binary scaling, while the protons and anti-protons show binary scal-

ing. This is suggests that the proton excess is caused by a process which is

unique to baryons.

The pT region where the baryons are enhanced relative to the mesons is

intermediate pT 2-5GeV/c , where both soft and hard processes are expected

to be important particle production mechanisms. The goal of this work is

to determine whether hard or soft processes are primarily responsible for the

baryon excess.
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Figure 1.12: Rcp for protons and anti-protons, π0s and φ mesons. Binary
scaling is observed for protons and anti-protons, while the π0s and φs are
suppressed.

1.5.4 Recombination/Coalescence

Recombination is the idea that final state hadrons are produced by valence

quarks from the thermal medium, which are close together in phase space.

The theory was first developed by Das and Hwa [30] to explain hadron pro-

duction in the forward region of p+p collisions. Due to the baryon excess [26]

and valence quark number scaling of v2 [31] at RHIC there has been work on

explaining midrapidity hadron production at intermediate pT by such models

[32, 33, 34] where the valence quarks come from the thermal medium. Hadron

production by recombination is expected to dominate over fragmentation as

long as the parton pT spectra is exponential. This is because recombination

involves adding quark momenta together; each valence quark adds its mo-

mentum to the final hadron’s momentum. Baryon production is enhanced

because of the extra quark momentum compared to mesons. In fragmentation
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the hadron momentum must be less than the parent parton’s momentum be-

cause multiple final state hadrons come from each fragmenting parton. Figure

1.13 [35] schematically shows this. With an exponential pT spectrum lower pT

quarks are so much more abundant than high pT quarks that the chances for

lower pT quarks to recombine are much higher than the chance for a higher pT

quark from a hard scattering to fragment into the final state hadron. Recom-

bination models assume that all gluons become quark/anti-quark pairs and

then recombine. If recombination models can explain the data, it implies that

there is a large thermalized source of quarks and anti-quarks and is strong

evidence for quark gluon plasma formation at RHIC [36].

Figure 1.14 shows a calculation from [32] showing the fraction of hadrons

expected to come from recombination as a function of hadron type, pT , and

centrality in Au+Au collisions. The most striking thing about Figure 1.14 is

the dominance of recombination at all centralities. including peripheral events

where a large medium is not created. An impact parameter of 12fm, corre-

sponding to the peripheral curves in Figure 1.14, corresponds to a centrality of

approximately 65% and approximately 22 participating nucleons. According

to Figure 1.14 95% of the protons and anti-protons and 50% of the pions come

from recombination at this impact parameter. In contrast, the data in Figure

1.11 though show a p/π+ ratio in that centrality which is very similar to what

is observed in p+p collisions. Thus, either the calculation over estimates the

importance of recombination or recombination must be considered even for

midrapidity particle production in p+p collisions.

Calculations for d+Au collisions have been done with a recombination

model [37, 38] and can explain the spectra for pions [39, 40] and protons

29



Figure 1.13: Illustration of why recombination is expected to dominate hadron
production as long as the parton pT spectrum is exponential from [35]. When
the parton pT becomes power law in shape, fragmentation becomes more im-
portant due to the enhancement of high pT partons.

[40] in terms of recombination. Because of this sensitivity, a good test of re-

combination models in general is how well they can simultaneously explain

both peripheral and central Au+Au and d+Au data.

One important property of recombination is that correlations between the

quarks are amplified according to the valance quark content of the final state

hadrons. The elliptic flow of hadrons, vh
2 , is related to the quark v2 by

vh
2 (pT ) = nv2(

pT

n
)

where n is the number of valance quarks (two for a meson and three for a

baryon) and pT is the hadron transverse momentum [32]. This v2 scaling is

observed in the data, as seen in Figure 1.15 from [31], and was one of the

main reasons for enthusiasm about the applicability of recombination models

to heavy ion collisions.
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Figure 1.14: Fraction of hadrons in Au+Au collisions which come from re-
combination at impact parameters (from greatest fraction) of 0, 7.5 and 12fm
from [32] (larger fraction of particles from recombination correspond to smaller
impact parameters). For K only impact parameter of 0fm is shown.

1.6 Goal of this Analysis

In this work we will investigate jet-like azimuthal correlations between two

particles where one or both is identified at intermediate pT . Two particle cor-

relations provide additional information to can discriminate between particle

production mechanisms than single particle observables.
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Figure 1.15: The lower right hand panel shows v2 scaled by valence quark
number as a function of pT scaled by valence quark number for charged pions,
kaons and protons and anti-protons. A nearly universal scaling is observed in
values of pT /n corresponding to intermediate pT .
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Chapter 2

The PHENIX Experiment

2.1 PHENIX Overview

The PHENIX experiment at RHIC is a large multi-purpose detector opti-

mized to measure identified hadrons, high pT hadrons, photons and leptons.

PHENIX consists of two central arms for charged and neutral particle mea-

surement at midrapidity, two muon arms for muon measurements at forward

and backward rapidities and detectors at high rapidity for measuring global

event characteristics. Figure 2.1 shows an schematic overview of the PHENIX

detector. Figure 2.2 shows a schematic outline of the central and muon arms.

The PHENIX coordinate system is defined with respect to the beam di-

rection, which is labeled the z axis (positive z points toward the North Muon

Arm). The polar angle with respect to this axis is θ. The azimuthal angle

around the z axis is φ with φ =0 parallel to the hall floor pointing into the

West Arm.
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Figure 2.1: A drawing of the PHENIX experiment

2.2 PHENIX Vertex and Trigger Detectors

2.2.1 Beam-Beam Counters

PHENIX has two Beam-Beam Counters (BBCs) located at pseudo-rapidity of

±|3.0 − 3.9| with full azimuthal coverage. Each BBC consists of 64 quartz

Cherenkov detectors. Identical BBC’s are installed on the North and South

sides of PHENIX and are located 144 cm from the center of the interaction

region directly behind the central magnet. The BBC’s main functions are to

measure the vertex position along the z axis, to trigger minimum bias events

and to provide a start signal for the PHENIX TOF system based on the average

hit time in each BBC. More detailed information on the BBC’s can be found
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Figure 2.2: A drawing of the PHENIX experimental setup when the Au+Au
data used for this analysis was taken. The top panel shows a beam view of
the Central Arm detectors and the bottom panel shows a side view show-
ing the placement of the Muon Arms and the global detectors: Beam Beam
Counters (labeled BB), Zero Degree Calorimeters (ZDC North and South) and
Multiplicity Vertex Detector (MVD).

35



in Reference [41].

2.2.2 Zero Degree Calorimeters

The Zero Degree Calorimeters (ZDC)are small hadronic calorimeters which

measure neutral energy. They exist in all four RHIC experiments. In PHENIX

they are near the muon identification system along the beam pipe direction

18 m to the North and South of the collision region. The time difference

between the neutron signals in the ZDC North and ZDC South can be used

to determine the vertex position along the z. This is used when the BBC is

not able to reconstruct the vertex. For further information on the ZDC’s see

Reference [42].

2.2.3 PHENIX Centrality Measurement

The centrality in PHENIX Au+Au collisions is determined with a correlation

of the charge measured by the BBC and the energy deposited in the ZDC.

The BBC signal is proportional to the total number of collision participants,

Npart until the most central collisions where the BBC is saturated. The ZDC

energy is proportional to the number of spectator neutrons, those neutrons

from the Au nuclei uninvolved in the collision which continue forward in the

beam direction. Figure 2.3 shows the normalized ZDC energy distribution as

a function of the normalized BBC charge distribution. The solid lines mark

the different centrality selections. Low centralities correspond to events with

a small impact parameter. For a further discussion of centrality see Section

1.3.1.
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Figure 2.3: Fractional ZDC energy distribution as a function of fractional
BBC charge distribution for minimum bias Au+Au collisions. The solid lines
indicate centrality selections for the Run 2 data [27].

centrality Npart sys. err. Ncoll sys. err. b (fm) sys. err.
0-5% 351.4 2.9 1065.4 105.3 2.3 0.1
5-10% 299.0 3.8 845.4 82.1 4.1 0.2
10-20% 234.6 4.7 602.6 59.3 5.7 0.3
20-40% 140.4 4.9 296.8 31.1 8.1 0.4
40-60% 60.0 3.5 90.7 11.8 10.5 0.4
60-70% 25.7 3.8 28.5 7.6 11.9 0.5
60-90% 14.5 2.5 14.5 4.0 13.0 0.5

Table 2.1: Glauber model results for the number of collision participants, num-
ber of binary collisions and the impact parameter (b) along with the systematic
errors for the centrality bins used in this analysis.

In this analysis six centrality bins are used in Au+Au collisions: 0-5%, 5-

10%, 10-20%, 20-40%, 40-60% and 60-70% (60-90% in Run 4). The statistics

of the final measurement do not allow finer centrality bins or a measurement

for collisions more peripheral than 70% in Run 2. The Glauber model results

for the centrality bins used here are shown in Table 2.1.
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2.3 PHENIX Charged Particle Measurements

in the Central Arms

2.3.1 Drift Chambers

The two PHENIX drift chambers each cover π/2 in azimuth and 180cm in the

z direction centered around midrapidity. The drift chambers are positioned

outside the magnetic field from 2.02m to 2.46m radial distance from the in-

teraction point. Charged particles passing through the drift chamber ionize

the gas mixture, 50% argon and 50% ethane with <1% alcohol. The electrons

released are measured on sense wires. The hit position is measured by the

time the electrons hit the wire. Each track consists of many hits. Momentum

measurements are made by measuring the angular deflection of the track from

a straight line trajectory through the collision vertex. The drift chambers are

also used to measured the azimuthal angle of the tracks.

Each drift chamber consists of 20 sectors each with six wire layers: X1, U1,

V1, X2, U2 and V2. Figure 2.4 shows a side view of a single sector. There

are four types of wires in the drift chamber, as shown in the inset of Figure

2.4. Potential wires are the wires which create the drift electric field in the

detector. The sense wires are the wires which collect the signal charge for the

hits. The gate wires further shape the field to direct the charge toward the

sense wires from one side. The back wires block charge from the other side

from reaching the sense wires. This prevents left-right ambiguities in the hit

position; alternating sense wires collect charge from alternating sides. The U

and V wire layers are oriented at an angle, ≈6o, with respect to the X layers;
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Figure 2.4: Side view of a drift chamber sector showing the positions of the
wire layers. Also shown is the wire positions for the V1 layer (other layers are
similar).

opposite ends of the U and V layers are in neighboring sectors (see Figure 2.5).

The U and V layers provide z position information on the tracks. The drift

chamber provides spatial resolution better than 0.15mm in the φ direction, two

track separation better than 1.5mm and spatial resolution in the z direction

better than 2mm. The single wire efficiency is ≈95%; the single track efficiency

is >99%.

High quality reconstructed tracks in the drift chamber, the only kind used

in this analysis, have hits in both the X1 and X2 layers and information from
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Figure 2.5: Top view of the wire orientations for the X, U, and V layers. U
and V wires are oriented at ≈6o with respect to the X wires to provide z
information about the hit.
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Figure 2.6: A drawing of tracking parameters for the drift chamber. α is the
track’s deflection from a straight line and φ is the azimuthal angle of the track
measured at the drift chamber reference radius of 220cm.

the stereo wires which aid PC1 (discussed in the next section) in the determi-

nation of the track z position.

Momentum measurements are made by measuring the tracks angular de-

flection from a straight line, α (see Figure 2.6). α is inversely proportional to

the track momentum. The momentum resolution of high quality tracks in the

drift chamber is δp/p = 0.7%⊕ 1.0%p (GeV/c ) for the Au+Au in Run2 and

δp/p = 0.7%⊕ 1.1%p (GeV/c ) for the d+Au and p+p data.

Tracks in the drift chamber are reconstructed via a combinatorial Hough

transform. All hit combinations are plotted in φ−α space where good quality

tracks show up as peaks.

Additional information about the drift chambers can be found in Reference
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[43].

2.3.2 Pad Chambers

The PHENIX Pad Chambers (PC) are multi-wire proportional chambers that

are part of the PHENIX central tracking. Each PC is a single plane of wires

bounded by two cathode planes, one of which is segmented into pixels. The

pad chambers consist of three layers in the West Arm (PC1, PC2 and PC3) and

two layers in the East Arm (PC1 and PC3). PC1 East and West are directly

behind the drift chambers in both arms and are used as part of the system to

identify good tracks by associating a PC1 hit with a drift chamber track. All

good tracks have a PC1 association and the track z measurement comes from

PC1. PC2 and PC3 are located farther away from the interaction region (4.2m

for PC2 and 5.0m for PC3) and a match between a track projection based on

the DC track information and a hit in PC2 or PC3 is used to confirm good

tracks and reduce background from photon conversions and particle decays.

More information about the Pad Chamber system can be found in [43].

2.3.3 High Resolution Time of Flight

The PHENIX Time-of-Flight (TOF) detector provides high resolution parti-

cle identification of charged particles in the East Arm of PHENIX with an

azimuthal acceptance of π/8. The resolution of ≈ 120ps is sufficient to sepa-

rate p from K at the 4σ level to p *4GeV/c .

The TOF consists of 960 scintillator slats oriented along the r−φ direction

at a radius of 5.1m, situated behind PC3 and in front of the EMCal. The
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scintillators are divided into 10 panels of 96 segments each. Each slat has

photo-multiplier tubes at both ends. Hit position information comes from the

time difference between the signal on the two ends of the slat.

Particle identification based on the time of flight, tTOF , measurements from

the BBC and TOF, the track momentum, p, and the path length, L, from the

collision vertex to the TOF. The m2 of the particle is described by:

m2 =
p2

c2
((

tTOF

L/c
)2 − 1). (2.1)

Identification is based on the difference between the observed m2 and that

expected from the known particle mass. Figure 2.7 shows the TOF particle

separation in the Run2 Au+Au dataset. For further details about the PHENIX

TOF see Reference [44].

2.3.4 TOF with Electro-Magnetic Calorimeters

PHENIX has two independent Electromagnetic Calorimeters (EMCal) de-

signed to measure the position, energy and time of flight of photons and

electrons. The Lead-Scintillator Calorimeter (PbSc) is a sampling calorimeter

made of alternating layers of Pb as an absorber and scintillator to generate

light. The PbSc covers all of the West Arm of PHENIX and the top half of

the East Arm of PHENIX. The bottom half of the East Arm has has a Lead

Glass Calorimeter which is a homogeneous lead-glass Cherenkov radiator.

Particle identification in the PbSc calorimeter is done in the same manner

as in the TOF. The timing resolution allows the separation of of K from p to

pT ≈2.5GeV/c with a much larger acceptance than the TOF. More information
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Figure 2.7: Charge divided by momentum as a function of measured time of
flight in the PHENIX TOF for the Run2 Au+Au data.

on the PHENIX calorimeters can be found in [45].

2.3.5 PHENIX Central Magnet

The PHENIX Central Magnet provides an axially symmetric field parallel

to the beam pipe. Charged particles bend in a plane perpendicular to the

beam axis and their deflection is measured with the drift chambers to provide

momentum measurements. Figure 2.8 shows the magnetic field lines for both

the Central Magnet and the North and South Muon Magnets. The central

magnet field is ≈0.48T in the Run 2 and 3 data at r = 0 and decreases

with increasing radius. In Run 4 the inner coil was turned on increasing the
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Figure 2.8: Magnetic field lines for the PHENIX magnets.

magnetic field strength. The field varies with z as well, but is nearly constant

in the range covered by the drift chamber.
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Chapter 3

Jets and Two Particle

Azimuthal Correlations

As was discussed in Section 1.4 jets consist of particles in close proximity.

The measurements of the baryon excess discussed in Section 1.5.3 could not

determine whether the extra baryons came associated with other particles as

would be expected from jets. Here we describe the two particle correlation

technique which is used to get additional information on the jet structure of

the baryon excess source.

Two particle correlations are an important tool for finding small struc-

tures which would otherwise be lost in the high multiplicity environment of

central Au+Au collisions. In addition to jet correlations [46, 47, 48, 49, 50],

two particle correlations have also been used to study elliptic flow [31] and

Hanbury-Brown Twiss (HBT) correlations [51] in Au+Au collisions. Two par-

ticle azimuthal angular correlations are the distributions of azimuthal angular

differences between pairs of particles of interest. Jets will create particles
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nearby in ∆φ, typically within ≈1rad; di-jets, the jet from the opposing hard

scattered parton should create a similar structure around ∆φ = π. We will

study two particle correlations either of two particles from the same jet (near

side correlations) or one particle from each of the jets making up a di-jet pair

(away side correlations).

3.1 Jets and Azimuthal Correlations

The jets we aim to study in this analysis consist of a particle with pT >

2.5GeV/c, the trigger, and some number of lower pT particles partners. In

a low multiplicity environment, such as p+p collisions, it is possible to pick

such jets out in a single event basis by looking for clusters of a few particles

in the detector. In a high multiplicity environment, such as central Au+Au

collisions, such clusters may still remain, but they are overshadowed by a huge

non-jet background. Most nearby particles are uncorrelated with each other.

For this reason, finding jets on an event by event bias in Au+Au collisions

has not yet been accomplished. Instead, we make distributions of pairs as a

function of their azimuthal angular difference, ∆φ. Correlations of particles

in this variable, as is expected from jets, will be visible above the background

which is not correlated with the trigger in ∆φ beyond correlations from elliptic

flow.

The jets found by the two particle correlation technique are different than

the average jet with the same total pT because in order to reduce the combina-

toric background two relatively high pT particles are required. These particles

are, on average, expected to carry most of the jet’s total pT . For un-biased jets,
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the expectation would be that a jet of a given pT would be made up of more

particles of lower pT . This is because the jet production cross section, Figure

1.2, has a steeper pT dependence than the fragmentation functions, Figure

1.4. Thus, a trigger particle of a given pT is likely to be carrying most of the

energy of a lower energy jet. Jets with a high pT particle do not look like the

average jet of the same energy which does not have such a particle. Requiring

a second high pT particle, as in this analysis, further increases the bias. There-

fore, caution is needed when attempting to understand jet properties from two

particle correlation measurements. However, two particle correlations provide

an unbiased way to determine if some fraction of the baryon production is

from a jet source by comparing the yield of correlated particles as a function

of collision system and centrality.

3.2 Azimuthal Correlations in PHENIX

If the azimuthal acceptance of the detector is non-uniform as in PHENIX,

mixed pairs, where each particle is from a different event, must also be created.

The distribution of azimuthal angular difference, ∆φ, these pairs also needs to

be measured. This measures the pair acceptance of PHENIX. This acceptance

varies with the pT of both particles, the z vertex of the events used and the

event centrality. The acceptance dependence on z vertex is because events

populate the detector differently depending on where the collision vertex is

in relation to the detector. The pair acceptance dependence on centrality is

due to edge effects near dead regions in the detector. When the detector is

full of tracks the chance of finding a random match in PC3 is reduced when
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the track hits near the edge of a dead area, whereas in peripheral events the

chance of finding a random track is very small at all locations. The change in

the acceptance correction with centrality is ≈2% [52].

The pT dependence is due to tracks bending in the magnetic field.

Dividing the dN
d∆φ from real pairs by that from mixed pairs corrects for the

detector non-uniformities. If the real pairs contained no azimuthal correlations

the resulting distribution would be flat in ∆φ.

The PHENIX detector non-uniformities in ∆φ are large. Figure 3.1 shows

the mixed pair distribution measured in PHENIX for one particle with 2.5 <

pT < 4.0GeV/c and a hit in the TOF wall and the second particle with 1.7 <

pT < 2.5GeV/c measured anywhere in the central arms, confirmed with a

matching hit at PC3. The placement of the TOF at the bottom half of the

East Arm causes a region of no acceptance near ∆φ = π/2.

The total integral of the acceptance correction is normalized to π for each

pT , centrality and z vertex bin. With this normalization the average efficiency

for measuring the partners is unchanged (the average value for the acceptance

correction is 1.0), but the relative efficiencies as a function of ∆φ are equalized.

It is easy to see that in the limiting case of a perfect detector this normalization,

correctly, does not change the signal distribution. Following this correction the

single particle efficiency correction for the partner particles can be applied to

get the proper overall normalization.
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Figure 3.1: Mixed pair distribution in PHENIX.

3.3 Mathematical Framework for Two Parti-

cle Correlations

Once the distributions have been corrected for acceptance the small centrality

and z vertex bins the analysis is done in (see Section 4.4) can be combined.

Mathematically this is:

1

Ntrig

dN

d∆φ
=

1

ε
∑

i Ntrig,i
(
∑

i

dNreal,i/d∆φ

Acci(d∆φ)
) (3.1)

the summation is over the centrality and z-vertex bins. The acceptance cor-

rection, Acci(∆φ), is the mixed pair distribution for bin i, normalized such

that the total integral of π. Ntrig,i is the total number of triggers (with and

without partners) in centrality and z vertex bin i. Ntrig is the total number

of triggers in all centrality and z vertex bins. ε is the correction for detector

efficiency and acceptance and will be discussed in Sections 4.5.1 and 4.5.2.

The quantity on the left in Equation 3.1 includes both the combinatoric back-

ground from the underlying event and the signal. In this analysis we assume
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that the combinatoric background is constant as a function of ∆φ except for

the correlations caused by elliptic flow. The flow correlations modulate the

combinatoric background level, ncomb,i by

1 + 2vtrigger
2 vpartner

2 cos(2∆φ) (3.2)

Methods for calculating ncomb,i will be discussed in Section 3.4. The resulting

distribution of jet correlated partners per trigger, J(∆φ) is:

J(∆φ) =
1

ε
∑

i Ni
(
∑

i

dNreal,i/d∆φ

Acci(d∆φ)
))− ncomb,i(1 + 2vtrigger

2 vpartner
2 cos(2∆φ)

(3.3)

In order to quantify the partner jets for the same jet and opposing di-jet the

near side yield is:
∫ 0.94

0
J(∆φ)d∆φ (3.4)

and the away side yield is:
∫ π

2.0
J(∆φ)d∆φ. (3.5)

The integration ranges were chosen to contain as much of the near and away

side jet as possible while avoiding the regions in ∆φ where PHENIX has small

acceptance. These quantities contain varying fractions of the jet associated

partners per trigger depending on the jet width, but they do not require any

assumptions about the jet shape or any fitting of J(∆φ).

3.4 Combinatoric Background Normalization

Two equivalent methods are used to determine ncomb.
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The first method involves the study of mixed events. These events are

created by sampling from the single particle number distributions of triggers

and partners, independently; mixed events contain the same number of un-

correlated pairs as real events (real events of course also contain correlated

pairs–the signal). Independent sampling of the number of triggers and part-

ners for the mixed event ensures that the mixed event will have the number

of pairs in only the combinatoric part of real events. If they were drawn non-

independently then mixed events would on average contain the same number

of pairs as signal events. Clearly, using this as the background normalization

would lead to the average remaining partners, the signal, being zero.

The second method is to calculate the background level from the average

number of partner particles per event. No event mixing is necessary (mixed

pairs are still needed to get the acceptance correction). The mixed event

normalization for the previous method is:

〈triggersi〉〈partnersi〉Nevents,i

where 〈triggersi〉 and 〈partnersi〉 are the average number of triggers and part-

ners per event and Nevents,i are the total number of events in the bin i. Nor-

malizing by the total number of triggers gives:

〈triggersi〉〈partnersi〉Nevents,i

Ntriggers
=

Ntriggers〈partners〉
Ntriggers

(3.6)

= 〈partners〉 (3.7)

Since the final measurement is normalized by the total number of triggers the
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combinatoric background normalization is simply:

∫ π

0
ncomb,id∆φ = 〈partnersi〉. (3.8)

Ideally, correctly both methods are equivalent. In practice since the first

method relies on the event mixer (a random number generator) to get the

normalization correct and the second method relies only on the data being

analyzed, the second method is preferable and computationally less time con-

suming. The number of mixed pairs required to get the normalization correct

in the first method is much greater than is required for small statistical er-

rors on the acceptance correction. The first method essentially re-measures

〈partners〉 by mixing events. The Run 2 and 3 analyses [47] use the first

method. An additional systematic error on the normalization then results

from the variation in normalization for different numbers of mixed events per

real event (see Section 4.7.2). The Run 4 analysis uses the second method.
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Chapter 4

Data Analysis

The data analyzed in this thesis come from three years of RHIC operations:

Run 2, Run 3 and Run 4. The Run 2 data provides the first full energy,

√
sNN=200GeV, Au+Au collisions. The Run 3 data are d+Au and p+p

collisions at
√

sNN=200GeV which provide a baseline for comparison with

Au+Au measurements. The Run 4 has a high statistics Au+Au dataset at

√
sNN=200GeV. The PHENIX detector configuration for the Run 2 and Run

3 datasets was very similar and the data were analyzed at the same time.

Consequently the analysis procedures and corrections are similar. The Run 4

data were analyzed after the publication of the results from the previous data.

The are some improvements to the analysis methods and some changes in the

PHENIX detector setup, most notably the increased magnetic field strength

in the central region. The basic strategy of the analysis is the same for all

three Runs and the physics results are directly comparable.

For the remainder of this work “Run” refers to a year of RHIC operations

and “run” refers to a short period of PHENIX data taking (typically no more
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than an hour) for which the detector and beam conditions are very stable.

4.1 Event Selection

The event mixing technique used works under the assumption that the un-

derlying detector acceptance is constant throughout the events from which

particles used in the mixing are drawn. Non-uniformities in the acceptance

can create artifacts in the mixed event ∆φ distributions which are not present

in the real event distributions. The jet signals under investigation are small

and these artifacts can alter the measurement.

The PHENIX acceptance does, however, change with time. The primary

source of these changes are trips in the high voltage supplies in the drift cham-

bers and pad chambers. This causes a localized region of the detector to not

have any recorded tracks until the high voltage is reset, typically at the end

of a run.

If the pair rate per event were high it would be possible to create mixed

pairs from events which were recorded within the same run, essentially elimi-

nating any time variation. In the current measurement, the pair rate is very

low due to the small acceptance of the TOF and the relatively high pT of the

trigger particles. Consequently, we have taken advantage of the fact that runs

near in time tend to have similar acceptance.

4.1.1 Run by Run Drift Chamber QA in Runs 2 & 3

The data groups used in this analysis are based on the number of dead channels

in the north and south sides of both the east and west arms of the drift
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Figure 4.1: Histograms of the number of dead channels in a run for the four
sides of the drift chamber.

chambers. Figure 4.1 shows histograms of the number of dead channels per

run after subtracting out the channels which were dead for the entire Au+Au

data taking period. Most of the data comes from runs which have a small and

nearly constant number of dead channels and a small amount of data comes

from runs in which larger portions of the detector were off. Each of the four

drift chamber sides is assigned a flag based on the number of additional dead

channels, see Table 4.1. The sizes of the final run groups used in this analysis

are listed in Table 4.2. The d+Au and p+p data sets were too small to divide

into run groups; outliers were discarded based on the single particle quality

assurance.
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DC side Good Runs (0) Okay Runs (2) Okay Runs (3) Bad Runs (1)
East South 0-130 (84%) 130-255 (14%) 255 < (2%)
East North 0-110 (98%) 110 < (2%)
West South 0-8 (32%) 8-25 (16%) 25-240 (49%) 240 < (3%)
West North 0-15 (51%) 15-85 (34%) 85-210 (13%) 210 < (3%)

Table 4.1: Number of dead channels in each run grouping followed by the
fraction of the total data used in that run group. Numbers in parentheses,
from 0-3, are the flag used to identify the run group. Runs labeled bad in any
side are not used in this analysis.

ES Flag EN Flag WS Flag WN Flag Number of Events (millions)
0 0 0 0 5.9
0 0 3 2 11.5
0 0 2 0 1.9
0 0 3 3 1.4
2 0 2 0 3.9
2 0 0 0 1.5

Table 4.2: Number of events in each run group used for the Au+Au dataset.
Flag combinations not listed were excluded because the total number of events
was too small to obtain a stable result.

4.1.2 Run by Run Central Arm QA in Run 4

Events used in this analysis are from Run 4 200GeV Au+Au runs. Only runs

with more than 1M events are used; these longer runs are more likely to come

from stable detector running. The runs are also required to pass QA for both

single particle and pair variables (∆φ) to ensure overall detector performance

and stability.

Centrality QA The centrality distribution for a run should be flat for events

more central than ≈92%. Due to a BBC gain problem some runs from the

beginning of Run 4 had to be excluded because their centrality distribution

was non-uniform.
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Figure 4.2: Mean momentum of good quality (31 or 63) drift chamber tracks
in minimum bias events. The upper black line and the green line show the
good region.

Single Particle QA The single particle QA ensures the stability of the

central tracking and magnet systems across runs. Runs were excluded based

on deviations in mean track pT (a check on the magnetic field strength), mean

number of tracks in each arm (a check on the live area of DC, PC1) and the

fraction of high quality tracks which had a match in PC3 (a check on the live

area of PC3). Figures 4.2, 4.3 and 4.4 show the mean track pT , mean number

of good tracks, and the match fraction to PC3, respectively. The QA cuts

used are:

• 0.558GeV/c < 〈pT 〉 < 0.572GeV/c

• 0.553 < PC3 West hit fraction < 0.567

• 0.499 < PC3 East hit fraction < 0.517

• 103 < tracks/event < 114

Additional QA was applied for the TOF and EMCal timing systems.
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Figure 4.3: Mean number of good quality (31 or 63) drift chamber tracks per
minimum bias event as a function of run number. Solid black lines show the
good region.

(a) West Arm (b) East Arm

Figure 4.4: Fraction of good quality drift chamber tracks (quality 31 or 63)
which have a 2σ match to a hit in PC3 for the west (left) and east (right) arms
as a function of run number. Solid black lines show the good region.

Pair QA Pair QA is done to ensure stable acceptance over runs which are

mixed together. Pair QA is based on the work in [53]. Six run groups are

defined and shown in Figure 4.5. Mixing is done between events which are

both in the same run group and within approximately 3M events of each other;

this further minimizes the variation in the pair acceptance between events used

for mixing. Mixing in closer proximity is not possible due to the low rates of

pairs in this analysis.
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Figure 4.5: Ratio of the number of pairs with ∆φ < π/2 to the number of
pairs with ∆φ > π/2 as a function of run number for Run4 200GeV Au+Au.
Run group boundaries are shown with vertical lines. Figure is from [53].

4.2 Track Selection

Cuts at the drift chamber and PC3 made on the tracks used in this analysis

are placed to ensure as little contamination from background as reasonably

possible. Track selection criteria are the same in Runs 2, 3 and 4.

4.2.1 Track Quality Cut

The quality of a track in the drift chamber is assigned based on track hits in the

X1 and X2 wire layers, the presence and uniqueness of hits in the UV layers,

and the presence and uniqueness of track a matching hit in PC1. Tracks used

in this analysis are required to have hits in X1, X2, the UV and PC1, but it

is possible for the PC1 hit to be ambiguous. In that case the UV information

is used to resolve the ambiguity. This cut is applied to both triggers and

partners.
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4.2.2 Drift Chamber zed Cut

Tracks used in this analysis have |zed| < 75cm. zed is the distance from

the center of the interaction region along the beam pipe direction at the drift

chamber. The drift chamber extents to |zed|=80cm. We exclude the last 5cm

to minimize edge effects from particles which are not entirely in the PHENIX

acceptance. The cut is a very conservative one, but does not significantly re-

duce the statistics available. This cut is applied to both triggers and partners.

4.2.3 Matching at PC3

Unidentified charged hadron tracks are matched to hits in PC3. The distribu-

tions of the distance of the track projection, based on its position at the drift

chamber, and the hit position in PC3 is fit to a Gaussian. The distances are

measured in two dimensions: z, along the beam direction and φ, around the

beam direction. The Gaussian distributions differ for different types of tracks.

Low pT tracks multiple scatter more in the detector material and thus have

wider distributions than high momentum tracks. Particles of different charge

sign bend in different directions in the residual magnetic field, so the mean

values of the distributions will be offset from each other. The distributions are

also made differently for the East and West Arms to account for differences in

the two separate systems. Matches at 2σ (2.5σ in d+Au and p+p collisions)

are required in both dz and dφ independently. The wider matching cuts in

d+Au and p+p are used because of fewer random background hits in PC3 in

the smaller system. PC2 is not used here because with the moderate pT values

used in this analysis, the background is not large and PC2 is only located in
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Figure 4.6: m2 as a function of charge divided by momentum for identified
pions, kaons, protons and anti-protons in the TOF in Run 4.

the West Arm making azimuthal correlation analyses impossible because of

the small ∆φ acceptance.

4.2.4 Matching and PID at the TOF

Tracks are matched in the TOF in the same manner partner tracks are at PC3.

Again 2.5σ cuts in both z and φ are made for d+Au and p+p and 2σ cuts

are made in Au+Au. Tracks identified in the TOF are not matched in PC3

because the additional cut does not reduce the background contribution, but

only reduces statistics. A 2σ cut on the difference between the measured m2

and the expected m2 is required for identified particles. Figure 4.6 shows the

m2 of identified particles in the TOF for the Run 4 data.
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Figure 4.7: m2 as a function of charge divided by momentum for identified
pions, kaons, protons and anti-protons in the EMCal.

4.2.5 Matching and PID at the EMCal

Matching at the EMCal is used in the same manner as in PC3 and the TOF

when tracks are identified in the EMCal. An additional match to PC3 is

not required. A 2σ cut on the difference between the measured m2 and the

expected m2 is required for identified particles. Figure 4.7 shows the m2 of

identified particles in the EMCal.

4.3 Pair Selection

Pair cuts are important for jet analyses because the finite resolution of the

detector means that real pairs from two tracks close together with have a

different efficiency than mixed pairs. The jet signal is small; so real and mixed
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events must have the same acceptance. Small differences in the acceptance for

real and mixed pairs will obscure the signal. Pair cuts are used to ensure that

two tracks which are closer together than the resolution of the detector get

removed from both the real and mixed distributions.

Here we evaluate the pair cuts in the approximate momentum ranges used

for jet correlation measurements. We look at the distributions of pair vari-

ables between a trigger track with pT >2.5GeV/c and a partner track with

pT >1.0GeV/c. Tracks were required to have high quality and a 2σ match to

an outer detector (in this case PC3 instead of the TOF and EMCal because

PC3 has larger acceptance), as is required in the final analysis.

4.3.1 Pair Cuts at the Drift Chamber

The drift chamber variables for pair cuts are ∆α and ∆φ. ∆φ is used to

reject tracks which are too close together in the drift chamber to both be

reconstructed. Tracks which have small ∆α and ∆φ are possibly ghosts, where

a single track is reconstructed as two. Figure 4.8 shows the real minus mixed

pairs (each distribution is normalized to have the same total integral). Two

structures are clearly visible, the deficiency at small ∆φ which is independent

of ∆α and an excess which depends on both ∆φ and ∆α . The second feature

is due to hit sharing and merged hits PC1, as can be seen in Figure 4.9 where

tracks with hits close together in PC1 (RPC1 < 7.5cm, see Section 4.3.2) have

been removed and the feature is gone. The deficiency at small ∆φ calls for a

pair cut of |∆φ| < 0.008rad.

A ∆zed cut at the drift chamber is not justified because the track zed
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Figure 4.8: ∆φ as a function of ∆α for real events divided by mixed events.
The real and mixed events are normalized to have the same total integral.

Figure 4.9: ∆φ as a function of ∆α for real events divided by area normalized
mixed events with an additional cut on RPC1 < 7.5cm. The real and mixed
events are normalized to have same total integral.
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Figure 4.10: ∆zed for real events divided by mixed events. No ∆RPC1 cut has
been made.

Figure 4.11: ∆zed for real events divided by mixed events. A cut on ∆RPC1 <
7.5cm has been made.

information primarily comes from the location of the hit in PC1. Figures 4.10

and 4.11 show that while there is an excess at small ∆zed, the cut is not

necessary once a cut has been made on RPC1 (see Section 4.3.2).

66



Figure 4.12: RPC1 distribution for real events divided by mixed events

4.3.2 Pair Cuts at PC1

The pair cut variable used for PC1 is RPC1 which is the distance between the

hit projections of the two tracks in PC1 (the actual hit locations are not kept

in the reconstructed data files). Figure 4.12 shows RPC1 for the real events

divided by the mixed events showing a deficiency in real events for close PC1

hits. Based on this figure, the RPC1 cut should be at 6cm.

4.3.3 Pair Cut Summary

We find that pairs of charged particles for jet correlations at intermediate pT

should be rejected if:

• |∆φ| < 0.008rad

• RPC1 < 6.0cm

In the Run 2 & 3 analyses slightly larger pair cuts were used. This is

because the pair cuts were evaluated at lower pT due to insufficient statistics.

67



These pair cuts are:

• |∆φ| < 0.008rad

• RPC1 < 7.5cm

4.3.4 Effects of Pair Cuts on Background Normalization

The foreground pairs lost to pair cuts must be accounted for in the background

normalization. Approximately 0.6% of all foreground pairs are rejected be-

cause of the pair cuts, most from the ∆φ cut at the drift chamber. In the Run

2 and 3 analysis this effect was not taken into account. In the Run 4 analysis

the 〈partners〉 was reduced to account for this.

4.4 Mixed Pair Generation

Mixing is done in 5cm event z vertex bins and in 5% centrality bins for the

Au+Au (no centrality selection is done for the d+Au and p+p data sets). It is

necessary to mix in small bins in the vertex in order to keep the overall detector

acceptance nearly constant. Mixing in small centrality bins is done in order

to minimize the effects of multiplicity correlations. Multiplicity correlations

cause the apparent combinatoric background level to rise in a way that is not

measured in the mixed events; mixed events contain only the uncorrelated

combinatoric background. Remaining multiplicity correlations which cannot

be eliminated by binning finer in centrality will be discussed in the Section

4.5.3.
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The number of events mixed per real event is chosen to minimize the statis-

tical uncertainty coming from the acceptance correction and absolute normal-

ization (in Run 2 and 3 analyses only). Because central events have an overall

greater number of particles there is a greater chance to get a combinatoric

pair. Therefore for central events fewer events are mixed for every real event.

In more peripheral events there is obviously a much smaller chance to get pairs

and therefore many more events must be tried to create a large sample of pairs.

The reason the fraction of possible pairs actually used is low because the vast

majority of generated mixed events contain no pairs. Triggers and partners

are added to the mixing lists regardless of whether or not there actually is a

pair in their original event (e.g. if a real event has one partner particle and no

triggers there are no pairs in the event, but the partner is available for making

mixed events). The accurate counting of events is necessary to get the absolute

normalization of the conditional yield correct. The absolute normalization re-

lies on a large absolute number of mixed events, so in the smaller run groups

more mixed events per real event are needed. Table 4.3 shows the number of

mixed events per real event as a function of centrality, trigger type and run

group. While the number of mixed events per real event is quite large for the

more peripheral centrality bins, the fact that most events do not contain any

pairs protects against oversampling. The shape of the final distribution only

depends on the shape of the mixed distribution.
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centrality E00W00 E00W32 E00W20 E00W33 E20W20 E20W00
trigger baryons

0-10% 40 24 160 160 80 160
10-20% 80 32 320 320 160 320
20-40% 480 320 1600 1600 800 1600
40-60% 4800 4800 10000 10000 10000 10000
60-70% 10000 10000 10000 10000 10000 10000

trigger mesons
0-10% 24 16 80 80 40 80
10-20% 40 24 160 160 80 160
20-40% 160 160 800 800 400 800
40-60% 2400 800 10000 10000 10000 10000
60-70% 10000 10000 10000 10000 10000 10000

Table 4.3: Number of mixed events per real event for different centrality,
trigger types and run groups in the Run 2 analysis. Checks were done to
ensure we are not exhausting the possible unique pairs.

4.4.1 Edge Effects in Mixed Pairs in Run4

In the Run 4 analysis the mixed events did not properly reproduce the shape

of the pair acceptance in the region around ∆φ = π/2 where the acceptance

is small. It is believed that this is due to the higher magnetic field in Run 4.

The higher field bends particles more; positive and negative particles are bent

into and out of the acceptance in different places. The number of pairs as a

function of their charge combination are different in real and mixed pairs in

this region (see Table 4.4). Points with 1.26 < ∆φ < 2.04rad were removed

because of this problem. This is outside the region used for integrating the

conditional yield measurements so the results are not changed in any way.
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4.5 Corrections

4.5.1 Efficiency and Occupancy Corrections in Run2 &

3

Detector Efficiency Correction

Single Particle Monte Carlo Correction for Run 2 and Run 3 Anal-

yses The acceptance correction equalized the probability of finding a track

anywhere in ∆φ. The efficiency correction corrects for the cases when a partner

is not reconstructed, independent of the trigger location. This includes detec-

tor dead areas, track reconstruction efficiency and the losses due to matching

cuts at PC3. This correction comes from a Monte Carlo simulation of single

particles, π±, K±, p and p̄ separately, passed through a GEANT based simula-

tion of the PHENIX detector. This Monte Carlo has also been used to correct

charged hadron spectra in Au+Au, d+Au and p+p collisions [25, 39, 54].

Those analyses, to reduce background at high pT , required tracks to have

|zed| < 40cm, the distance along the beam direction from the center of the

interaction region. In the present analysis we do not use high pT tracks so we

can allow |zed| < 75cm. Therefore we decrease the correction factor by 40/75.

The correction function is multiplied by 0.7 to undo the extrapolation from the

PHENIX ∆η acceptance of |∆η| < 0.7 to ±0.5 in η that is made in the single

particle analyses under the assumption that particle production is flat in η for

|η| <0.5; for this pair analysis any extrapolation beyond the measured ∆η ac-

ceptance must involve an assumption about the shape of the signal, which we

do not want to make. The correction functions are determined separately for

71



Figure 4.13: Correction function for the East Arm in d+Au

the East and West Arms of PHENIX; Figures 4.13 and 4.14 show the correc-

tion as a function of pT . In order to smooth the statistical variation between

the bins in the correction function a fit is used; the fit function is:

CF (pT ) =
A

pT
+ B + CpT + Dp2

T

The fit parameters are given in Table 4.5

The East and West Arms are independent systems which have different

efficiency, leading to an unequal number of tracks measured in each arm. This

unequal performance is due to differing live areas in the drift chamber and

the outer detectors and can change as a function of collision system. For the

Run 2 Au+Au runs included in this analysis 53.4% of the partner tracks were

measured in the East Arm and 46.6% were measured in the West Arm. For the

d+Au runs 48.5% of the tracks are in the East Arm and 51.5% of the tracks

are in the West Arm. For the p+p run 49.5% of the tracks are in the East
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Figure 4.14: Correction function for the West Arm in d+Au

Arm and 50.5% of the tracks are in the West Arm. In this analysis, tracks are

no longer distinguished by which arm they hit so the final correction factor is:

F = (eEastxEast + eWestxWest)NMC

where xEast (xWest) are the fraction of tracks that hit the East (West) Arm

and eEast and eWest are the appropriate efficiency values for pT and collision

system listed in Table 4.6.

There is an additional overall scaling factor, NMC , to account for the dif-

ferences between the Monte Carlo detector performance and the real detector

performance. This number is close to 1 because the simulation describes the

data well. For Au+Au NMC = 0.98 and for d+Au and p+p NMC = 1.06

(the performance for d+Au and p+p were assessed separately). F is the final

multiplicative centrality independent correction to the angle integrated condi-

tional yields. An additional 4% correction is applied in Au+Au to account for
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the tighter matching cuts. Values for F , eEast, and eWest are shown in Table

4.6 for the pT ranges used in this analysis.

Detector Occupancy Correction The occupancy correction corrects for

the centrality dependent detector occupancy effects. It has been measured to

be pT independent [25]. In d+Au, due to low detector occupancy, this correc-

tion is taken to be 1. In Au+Au the correction was evaluated by embedding

simulated tracks into real events and evaluating the probability to reconstruct

it within the underlying event. The values of this correction are the reciprocals

of the tracking efficiencies shown in Table 4.7 [25].

4.5.2 Efficiency and Occupancy Corrections in Run4

The efficiency corrections for the Run 4 analysis are calculated by comparing

the measured raw partner rates per event with the integral of the relevant single

particle pT spectra published in [25, 27]. This approach was used because a

Monte Carlo simulation and embedding study had not yet been done for the

Run 4 experimental setup. This approach has been used in other PHENIX

analyses [48] and is much less time consuming than a Monte Carlo simulation.

The systematic errors are similar in both methods, but this approach relies on

single particle spectra analyses and the results are not independent.

Since the pT binning of the single particle spectra is not the same as the

binning used in this analysis for the partner particles, a fit to the single particle

spectrum in the relevant pT range is used to integrate the yield. The fit function

is:
1

pT Nevts

1

2π

d2N

dpT dη
=

A

(B + pT )C
(4.1)
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Figure 4.15: The charged hadron spectra for as measured in Au+Au collisions
from [25] for several central selections: 0-5%, 0-10%, 10-15%, 15-20%, 20-30%,
30-40%, 40-50%, 50-60%, 60-70%, 70-80% and 80-92%. Fits shown are for
1.7d< pT <2.5GeV/c .

A separate fit is done for each partner pT range to minimize errors due to the

fit shape. Figures 4.15 and 4.16 show the fits and the ratios of data to the fit

for the partner pT range of 1.7< pT <2.5GeV/c .

To get the number of corrected charged particles which hit the PHENIX η

acceptance we take the integral:

2
∫ pT,high

pT,low

2π∆η
ApT

(B + pT )C
dpT (4.2)

where A, B and C are the parameters fit in Equation. 4.1, pT,low and pT,high

are the low and high pT edges of the partner pT bin of interest, respectively

and ∆η is the PHENIX |∆η| < 0.7 acceptance. The additional factor of 2 is

because [25] reports the spectra as h++h−

2 . Table 4.8 lists the results of the

integration for 1.7< pT <2.5GeV/c .
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Figure 4.16: Ratio of data to the fits shown in Figure4.15. The vertical lines
indicate the region over which the integral is taken: 1.7< pT <2.5GeV/c . The
color code is the same as in Figure 4.15.

Computation of the final efficiency correction values used in the analysis is

done by combining the corrections for the wide centrality bins in [25] weighted

by the number of trigger particles in the bin. The trigger particle weighting

is how centrality bins are combined for the 1
Ntrig

dN
dN d∆φ distributions. These

efficiency corrections for charged hadron partners for the centrality bins used

in this analysis are shown in Table 4.9.

Efficiency Correction for Identified Partner Particles For the identi-

fied baryon and meson partners the single particle spectra from [27] are used

and fit in the same manner as the unidentified particle spectra above. The

fits to the data and the ratios of the data to the fits are shown in Figures

4.17, 4.18 and 4.19 for π±, K± and protons and anti-protons, respectively

with 1.7< pT <2.5GeV/c . π± and K± spectra are added for the meson part-

ners and p and p̄ spectra are added for the baryon partners. Additionally, the
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baryon partners include contributions from decays of Λ and Λ̄ baryons which

are measured as protons and anti-protons in PHENIX because of their short

lifetime. The spectra in [27] have been corrected for this feed down. For the ef-

ficiency correction in this analysis we need to remove the feed down correction

as we are measuring Λ and Λ̄ partners as well. Figure 4.22 shows the ratios Λ

to measured protons and Λ̄ to measured p̄ as a function of pT , δfeed(pT ). The

pT dependent correction factor applied to the proton and p̄ spectra to remove

the Λ and Λ̄ contribution in [27] is:

Cfeed(j, pT ) = 1− δfeed(j, pT ) (4.3)

where j = p, p̄. The inverse of this correction, which is applied to increase the

proton and p̄ spectra in the present analysis is:

1

1− δfeed(j, pT )
. (4.4)

The integral calculated to get the yield for the various particles is the same

as Equation. 4.2 except for the replacement of ∆η by ∆y since the mass of

the particles is known,

2
∫ pT,high

pT,low

2π∆y
ApT

(B + pT )C
dpT (4.5)

The PHENIX rapidity acceptance varies with the mass of the particle and is

calculated for each particle type based on the 〈pT 〉 of the partner pT bin.

The efficiency corrections for baryon and meson partners are shown in

Table 4.10. The efficiency corrections for proton and anti-proton partners are
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(a) (b)

Figure 4.17: Left: Spectra of combined π± from [27] for the centrality bins:
0-5% (black), 5-10% (red), 10-20% (green), 20-30% (blue), 30-40% (purple),
40-50% (teal), 50-60% (sage), 60-70% (light blue), 70-80% (grey) and 80-92%
(light grey). The fits are also shown over the range fitted to. Errors are
statistical only. Right: Ratios of the data to the fit. Vertical bars mark the
fit range; the color code is the same as the left figure.

(a) (b)

Figure 4.18: Left: Spectra of combined K± from [27] for the centrality bins:
0-5% (black), 5-10% (red), 10-20% (green), 20-30% (blue), 30-40% (purple),
40-50% (teal), 50-60% (sage), 60-70% (light blue), 70-80% (grey) and 80-92%
(light grey). The fits are also shown over the range fitted to. Errors are
statistical only. Right: Ratios of the data to the fit. Vertical bars mark the
fit range; the color code is the same as the left figure.
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(a) (b)

Figure 4.19: Left: Spectra of combined p and p̄ from [27] for the centrality bins:
0-5% (black), 5-10% (red), 10-20% (green), 20-30% (blue), 30-40% (purple),
40-50% (teal), 50-60% (sage), 60-70% (light blue), 70-80% (grey) and 80-92%
(light grey). The fits are also shown over the range fitted to. Errors are
statistical only. Right: Ratios of the data to the fit. Vertical bars mark the
fit range; the color code is the same as the left figure.

(a) (b)

Figure 4.20: Left: Spectra of protons (anti-protons are not included) from [27]
for the centrality bins: 0-5% (black), 5-10% (red), 10-20% (green), 20-30%
(blue), 30-40% (purple), 40-50% (teal), 50-60% (sage), 60-70% (light blue),
70-80% (grey) and 80-92% (light grey). The fits are also shown over the range
fitted to. Errors are statistical only. Right: Ratios of the data to the fit.
Vertical bars mark the fit range; the color code is the same as the left figure.
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(a) (b)

Figure 4.21: Left: Spectra of anti-protons (protons are not included) from [27]
for the centrality bins: 0-5% (black), 5-10% (red), 10-20% (green), 20-30%
(blue), 30-40% (purple), 40-50% (teal), 50-60% (sage), 60-70% (light blue),
70-80% (grey) and 80-92% (light grey). The fits are also shown over the range
fitted to. Errors are statistical only. Right: Ratios of the data to the fit.
Vertical bars mark the fit range; the color code is the same as the left figure.

Figure 4.22: Fractional contribution of protons (p̄) from Λ (Λ̄) decays in all
measured protons (p̄), δfeed as a function of pT . The solid (dashed) lines
are the systematic errors for protons (p̄) and the error bars are the statistical
errors. Figure is taken from [27].
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shown in Table 4.11.

4.5.3 Centrality Bias Correction

Multiplicity correlations are a real source of unwanted correlations which we

measure. They occur because of the finite size of the centrality bins used for

mixing and fluctuations of the particle multiplicity for a given centrality. The

more central events within a bin have, on average, a higher number of trigger

partner pairs than those from the lower centrality part of the bin due to the

larger overall multiplicity. Likewise, events which have multiplicity higher than

the average event for that centrality will have more pairs. These pairs occur

only because of the overall event multiplicity and have nothing to do with jets,

but they do have a real correlation so they are not included in the calculated

combinatoric background.

These correlations increase with the width of the centrality bin used for

mixing as the fluctuations from the average multiplicity become larger. Mix-

ing in fine centrality bins is done to minimize the importance of these cor-

relations, but since the jet signal we wish to measure is small compared to

the combinatoric background level in central Au+Au collisions, the effects of

these correlations must be added to the final combinatoric background level.

We have found that using centrality bins narrower than the 5% bins currently

mixed does not make a measurable difference, indicating that we are already

using bins close to the resolution of the PHENIX centrality measurement.

To remove the multiplicity correlations, we use what we know from the

Glauber model and the normalization of background to determine a parame-
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ter, ξ, which is the ratio of what we should have subtracted, removing the ef-

fects of multiplicity correlations, to what the 〈triggers〉〈partners〉 background

normalization scheme determines the background level to be. Since multiplic-

ity correlations increase the real events in a way that is not measured in the

mixed events, ξ is greater than one. The effects of multiplicity correlations are

large when either ξ or the combinatoric background level is large.

The value of ξ depends on the centrality dependence of the number of

trigger and partner particles per event; a strong dependence of the multiplicity

on centrality leads to larger multiplicity correlations because there is more of

a difference between the central and peripheral edges of the centrality bin.

The centrality dependence is quantified by fitting the single particle yields

at a given pT , the mean trigger or partner pT , as a function of a centrality

measure, Npart or Ncoll. Other centrality measures such as the centrality itself

or the collision impact parameter could have been used. Initially it was thought

that the variation in ξ values from using linear Npart and Ncoll scaling of the

yields would be small enough that the average of the two ξ values could be

used with the two scalings defining the systematic error since the real scaling

of the yields at the pT values used in this analysis with centrality is somewhere

in between. However, neither of these scalings described the data well enough

to give satisfactory results.

Instead, a reasonable description of the yields as a function of Npart and

Ncoll can be obtained with these functional forms:

ftrigger(N) = A(1− e−BNα
) (4.6)
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and

ftrigger(N) = A arctan(BNα). (4.7)

These parameterizations were determined essentially by trial and error. Poly-

nomial functions were tried, but were unsuitable because of unphysical changes

in the sign of the second derivative. Also, polynomials would give uncontrolled

behavior in the region beyond the data at high and low centralities. In very

central collisions the particle yields are not expected to increase dramatically

with Npart or Ncoll as the impact parameter approaches zero and the yields

certainly do not decrease. Likewise, the functions in Equations 4.6 and 4.7

both increase smoothly toward an asymptote as N →∞

When this has been fit, we have parameterizations of the yields as a

function of centrality for both the trigger and the parter, ftrigger(N) and

fpart(N), where N is either Npart or Ncoll. Triggers (partners) are assumed to

be distributed according to a Poisson distribution with a mean of ftrigger(N)

(fpart(N)). For each event N is randomly taken from the Glauber distribution

of either Npart or Ncoll for each 5% centrality bin in Au+Au (minimum bias in

d+Au). In this way pairs whose only correlation is the underlying centrality

of the event are created.

Because multiplicity is the only correlation in this simple picture we want to

subtract everything; there is no signal. We also know what we would subtract

if we blindly applied our 〈triggers〉〈partners〉 procedure above. The value of

ξ is simply the ratio of what we should subtract over what we would subtract
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if ξ=1. ξ modifies Equation 3.1 to:

J(∆φ) ==
1

ε
∑

i Ni
(
∑

i

dNreal,i/d∆φ

Acci(d∆φ)
)− ξncomb,i(1 + 2vtrigger

2 vpartner
2 cos(2∆φ).

(4.8)

4.5.4 ξ for Au+Au Analysis

In Au+Au collisions, ξ depends on both the width of the centrality bin mixed

in and its mean. Consequently, a separate ξ value must be determined for

each centrality bin we mix in. In the most central bins ξ is very close to one

and increases with decreasing centrality as the relative effect of multiplicity

fluctuations around the mean increases. Though ξ is close to 1 in central

collisions, the combinatoric background is also very high in central events

so the multiplicity correlations are important and must be included. For the

unidentified charged hadron partners, the centrality dependent yields are taken

from [25] at the appropriate mean pT . For the identified leading mesons the

yields are taken from [22], π0 yields only, at pT = 2.75GeV . The pion yields

are taken from the neutral pion measurement to reduce the statistical errors.

The π± yields in [27] stop at 3.0GeV and have large errors in the last couple of

points. The K± which is also included in the leading meson category stops in

[27] at 2.0GeV. These are added together to get the meson yields for partners

between 1.7< pT <2.5GeV/c . For the baryon yields the proton and anti-

proton spectra in[27] are used to get the single particle spectra.

The values of the fit parameters for the pT ranges used and plots of the

data and fits together can be found in Appendix A.

We have no physics reason to believe that the yields should necessarily
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follow either Equation 4.6 or 4.7, but they do fit the data points. There

is also no reason to prefer either controlling parameter for the multiplicity

correlations, Npart or Ncoll. In light of this we simply treat all four methods

of getting ξ equally. The points are placed at the average and the systematic

errors are the maximum deviations from the average. Tables B.0.3 through

B.12 show the ξ values used in this analysis for Au+Au. There are slightly

different ξ values between the Run 2 and Run 4 analyses. In Run 2 the Monte

Carlo was stopped by hand when the ξ values looked stable; in Run 4 the

Monte Carlo was stopped when the ξ value had changed by less than 0.0001

over 100,000 generated events.

4.5.5 ξ for d+Au Analysis

The d+Au analysis here was done with a single minimum bias centrality bin.

The single particle yields in d+Au were fit as a function of centrality using the

same procedure as in Au+Au. For the d+Au only the arctan fitting function

(Equation 4.7) described the data. Additionally, the π0 yields could not be

fit with either function for an unknown reason. The charged hadron yields

were used instead. This is justified because the p/π ratio changes very little

with centrality in d+Au and the charged hadrons are primarily π± [40]. The

fit parameters are in Table A.11. The inability to fit some of the yields with

one function is not troubling. The variation in ξ comes mainly from switching

between fitting as a function of Npart and Ncoll and in d+Au collisions the

jet signal to combinatoric background is large making ξ less important. The

d+Au values of ξ used are found in Table B.13. Plots of the yields and the fit
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functions are found in Tables A.11 though A.16.

4.5.6 Centrality Bias in p+p Collisions

The method used above for determining ξ is not suitable for p+p collisions

because Ncoll = 1 and Npart = 2 in all cases where a collision actually hap-

pens. In p+p collisions the absence of a large soft underlying event means

the jet signal strongly dominates the combinatoric background making any

variation in the background level fairly unimportant. We have taken the effect

of multiplicity correlations in p+p collisions to be negligibly small.

4.6 v2 Measurement

The v2 values used in this analysis come from [31] which contains measure-

ments of v2 as a function of pT , centrality and particle type (protons and

anti-protons and separately π± and K±). v2 values are measured by charged

particles’ orientation with respect to the reaction plane. The reaction plane is

measured by the BBC at 3< |η| <4, minimizing the contribution from jets to

the reaction plane definition; in order for a jet observed in the central PHENIX

arms |η| <0.35 to influence the reaction plane resolution it must also have at

least one particle at pseudo-rapidity covered by the BBC. Such jets are very

rare [31]. v2 is derived from the azimuthal direction of particles in an event:

dN

dφ
∝ 1 + 2v2 cos(2(φ− ΦRP ))
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Figure 4.23: v2 as a function of pT for identified protons, anti-protons, mesons
(π and K) and inclusive charged particles in three centrality selections from
[31]. The top panels show negative particles and the bottom panels show
positive particles.

where φ is the azimuthal direction of a particle and ΦRP is the direction of the

reaction plane. If the reaction plane direction is not known, it is possible to

measure v2 with two particle correlations:

dN

d∆φ
∝ 1 + 2v1

2v
2
2 cos(2∆φ) (4.9)

This measurement is obviously sensitive to other correlations between parti-

cles, such as the jets measured in this analysis so v2 values from the reaction

plane method are used here.

v2 as a function of pT is shown in Figure 4.23 from [31] for identified

particles in three centrality selections. The data in Figure 4.23 are shown
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Figure 4.24: Charge averaged v2 values as a function of pT for 0-20% (top left),
20-40% (top right) and 40-60% (bottom left) from [31]. The fits are second
order polynomials. The fits are only used between 1.0< pT <2.0GeV/c , so it
is unimportant that they do not describe the data outside of this range. Errors
shown are statistical.

separately for the different charge signs, but no difference in v2 values is seen

between positive and negative particles. In order to minimize statistical errors

all v2 values are taken from an average of positive and negative values. The

pT binning in the v2 analysis and the present analysis are not identical. To

get the partner v2 values at the pT a second order polynomial was fit to the

charge averaged v2 values from Figure 4.23. The fits can be seen in Figures

4.24 (unidentified charged particles), 4.25 (mesons) and 4.26 (baryons). The

v2 values used were the fits evaluated at a given 〈pT 〉 of the partner. Trigger

v2 values were evaluated at pT =2.7GeV/c .

The centrality selections used in the v2 analysis are not identical to those

used in this analysis. The most central bin in [31] is 0-20%, which corresponds

to three bins in the current analysis: 0-5%, 5-10% and 10-20%. The v2 values

are expected to change significantly in these three bins. Figure 4.27 from
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Figure 4.25: Charge averaged v2 values for π± and K± as a function of pT

for 0-20% (top left), 20-40% (top right) and 40-60% (bottom left) from [31].
The fits are second order polynomials. The fits are only used between 1.0<
pT <2.0GeV/c , so it is unimportant that they do not describe the data outside
of this range. Errors shown are statistical.

Figure 4.26: Charge averaged v2 values for p and p̄ as a function of pT for 0-20%
(top left), 20-40% (top right) and 40-60% (bottom left) from [31]. The fits are
second order polynomials. The fits are only used between 1.0< pT <2.0GeV/c
, so it is unimportant that they do not describe the data outside of this range.
Errors shown are statistical.
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Figure 4.27: The center panel shows pT integrated v2 as a function of colli-
sion centrality. For collisions more central than 40% an approximate linear
dependence on v2 with centrality is observed.

[31] shows pT integrated v2 as a function of centrality for finer centrality bins

than exist for the pT differential measurement. For collision more central than

40% an approximately linear dependence on v2 with centrality is observed. In

the most central collisions, with a zero impact parameter, v2 should be zero

because there is no collision asymmetry. This additional information is used

to interpolate for the additional centrality selections needed for this analysis.

For the 5-10% and 10-20% centralities the v2 values are obtained by linear

interpolation of the 20-40% and 0-20% centralities. The 0-5% centrality v2

values are obtained by an average of the interpolation above and one based

on the 0-20% values and v2(0%) = 0. The systematic error on the v2 values

in the most central bin covers both interpolation methods. v2 values used in

all centralities are shown in Tables 4.12 (unidentified charged particles), 4.13

(meson partners), 4.14 (baryon partners) and 4.15 (trigger particles).
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4.7 Systematic Errors

4.7.1 Particle Identification

At the high end of the trigger pT range there is a slight overlap between

protons and kaons when a ±2σ cuts on the proton mass are done. This overlap

is no greater than 5% of the total proton triggers also passing the particle

identification (PID) cut for kaons. To evaluate the effect of this contamination

on the yield, the baryon triggered analysis was run again with ±1σ cuts on

the proton mass for the Run 2 dataset. The changes in the yield come both

from PID error we want to measure and from the loss of statistics in going

from 2σ to 1σ cuts. Additionally, the change in the conditional yield due

to meson contamination will vary with the difference in the true meson and

baryon triggered conditional yields. We have used the relative change in the

yield as the best estimate of this systematic error and applied it symmetrically

to the baryon yield. The changes in the baryon triggered yield with the tighter

cuts brought approximately half the centralities closer to the meson triggered

points and half further away. For the most peripheral Au+Au bin there are

very few triggers and the statistical errors greatly dominate. For that bin we

have used the error from the 40-60% bin where there are much more statistics

and the error seems reasonable. The PID error for the d+Au is larger, but

still smaller than the statistical error on the yield. Due to the larger number

of mesons, the baryon contamination of the mesons is negligible. The values

of the error are listed in Table 4.16. The same values for this systematic error

is applied to the Run 2 and Run 4 datasets.
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4.7.2 Mixed Event Generation

To evaluate the systematic error coming from the generation of mixed events,

the number of mixed events per real event was varied. Mixing was done with

0.5x, 1.5x, and 2x mixed events per real event where x is the default mixing

factor from Table 4.3. The effect of this change on the near side yield is shown

in Figure 4.28 for the partner range 1.7-2.5GeV/c and the values of the error

(absolute, maximal extent) are listed in Table 4.17. Since the partner pT ranges

were chosen such that the combinatoric background level is approximately

constant the error is evaluated in the partner pT range 1.7-2.5GeV/c and used

for all the other pT ranges. This error is not included in the p+p analysis since

the systematic error includes no subtraction at all.

Figure 4.28: Differences in the yields with different numbers of mixed events.
Solid points indicate the default mixing value. Blue points are trigger mesons
and red points are trigger baryons.

Because the absolute normalization in the Run 4 analysis comes from the
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〈triggers〉〈partners〉 normalization, not mixed events, this systematic error

does not apply.

4.7.3 Efficiency & Occupancy Corrections

Efficiency Correction Systematic Errors in Runs 2 & 3 The system-

atic error on the centrality independent efficiency correction used in the Run 2

and Run 3 analyses comes primarily from the systematic error on the descrip-

tion of the Monte Carlo matching distributions to PC2 & 3 (10%) and the fit

function used to smooth the correction functions in Figures 4.13 and 4.14. An

additional 5% uncertainty comes from matching the dN
dφ distributions from the

data to those of the Monte Carlo which is done separately for each collision

system. The total systematic error on the efficiency corrections is 12%.

Occupancy Correction Systematic Errors in Run 2 The systematic

errors on the occupancy correction come from the variation in the derived val-

ues with the changing the matching cuts to PC3. The occupancy corrections

are sensitive to the matching cuts used; wider windows increase the occupancy

effects in central collisions. The values of the systematic error are shown in

Table 4.7. The systematic error on the occupancy correction can move the con-

ditional yields for each centrality independently, but changes the conditional

yield for each trigger type together.

Efficiency & Occupancy Correction Systematic Errors in Run 4

Au+Au The efficiency correction systematic error includes the centrality

independent normalization of the single particle spectra in [25, 27], the cen-
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trality dependent occupancy correction error and the mis-match between the

data and the fit used to integrate the spectra in Section 4.5.2. The normaliza-

tion systematic error of 7.4% moves all 1
Ntrig

dN
d∆φ and yield/trigger plots by the

same scale factor. The occupancy correction and fit systematics can move the

yields independently as a function of centrality, but it cannot change the ratio

of the baryon to meson triggered yields at a single centrality. The efficiency

corrections used depend only on the type of partner, not the type of trigger.

The occupancy correction errors are shown in Table 4.18 [25]. Though the

occupancy correction is not done as a separate step in the Run 4 analysis, the

systematic error is separated in [25] in addition to the centrality independent

error on the absolute normalization. Since the centrality bins used in this anal-

ysis are generally made up of multiple centrality bins from the single particle

analyses, the error on the occupancy correction enters independently for each

single particle spectra centrality bin which make up the larger centrality bins

used here. These systematic errors are taken to be independent of the species

of the partner.

The deviation of the fits used from the data is less than 4% for all cen-

tralities. This error enters once for each centrality bin in the single particle

spectra.

The final centrality dependent systematic errors on the combined efficiency

and occupancy corrections are listed in Table 4.19.
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4.7.4 Centrality Bias Correction

The systematic error on the centrality bias was discussed in Section 4.5.3. This

systematic error is probably correlated with both centrality and particle type,

though the correlation is not known.

4.7.5 v2

The main systematic error on the conditional yields due to the v2 measure-

ments is the reaction plane resolution. The fractional error on the v2 measure-

ment due to the reaction plane resolution is given in Table 4.20. This error

is the same in both the trigger and partner v2 values, so it enters twice and

is correlated. The remaining systematic error on the v2 measurements on the

conditional yields is the statistical errors on the v2 values in [31]. These errors

are independent both of each other and of the reaction plane resolution errors.

4.7.6 Combinatoric Background Normalization

Here we investigate the possible systematic error due to the background nor-

malization method used: 〈triggers〉〈partners〉.

Let 〈n1〉 = 〈triggers〉 and 〈n2〉 = 〈partners〉. Then, in any event, n1 ≡

a + k where a is the number of triggers which are part of an observed jet pair

and k is the number of triggers which are not part of an observed jet pair

(k includes triggers which have a partner that is not detected by PHENIX or

is in a different pT range). Similarly, n2 ≡ b + m where b is the number of

partners which are part of an observed jet pair and m is the number of partners

which are not part of an observed jet pair. Experimentally, it is impossible to
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distinguish a from k and b from m.

The average number of total pairs in an event is 〈n1n2〉. The proper com-

binatoric background normalization is

〈n1n2 −NS〉 = 〈n1n2〉 − 〈NS〉

where 〈NS〉 is the average number of signal pairs in an event. If NS were

directly measurable, the background normalization would be trivial, but NS

is what we want to measure.

〈n1n2〉 − 〈NS〉 = 〈ab + km + kb + am〉 − 〈ab〉 (4.10)

= 〈ab〉+ 〈km〉+ 〈kb〉+ 〈am〉 − 〈ab〉 (4.11)

= 〈km〉+ 〈kb〉+ 〈am〉 (4.12)

In this notation the 〈triggers〉〈partners〉 normalization is:

〈n1〉〈n2〉 = (〈a〉+ 〈k〉)(〈a〉+ 〈m〉) (4.13)

= 〈a〉〈b〉+ 〈k〉〈b〉+ 〈a〉〈m〉+ 〈k〉〈m〉 (4.14)

We assume all pairs of a, b, k and m are independent except a and b, the jet

signal. So:

〈a〉〈b〉 -= 〈ab〉 (4.15)

〈a〉〈m〉 = 〈am〉 (4.16)

〈b〉〈k〉 = 〈bk〉 (4.17)
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〈k〉〈m〉 = 〈km〉 (4.18)

Thus, 〈n1n2−NS〉 = 〈n1〉〈n2〉 if 〈a〉〈b〉 is small compared to 〈k〉〈b〉+ 〈a〉〈m〉+

〈k〉〈m〉. We expect the background normalization in p+p to be most sensitive

to this systematic error, since the largest fraction of the total pairs come from

jets in the smallest system. It is possible to estimate an upper limit to the

error on the background normalization in this case. For a given 5cm z-vertex

bin in p+p 10132 partners, 2109 triggers and 81 pairs are observed:

n1 = 2109 (4.19)

n2 = 10132 (4.20)

NS ≤ 81 (4.21)

Of the 81 pairs some are from jets and some are combinatoric. The normaliza-

tion is maximally wrong if all pairs are from jets since that maximizes 〈a〉〈b〉.

In that case a = 81 and b = 81 (events with more than one jet pair are

obviously rare enough to be neglected). We then have:

k = n1 − a = 2028 (4.22)

m = n2 − b = 10051 (4.23)

(4.24)

The condition for the validity of the background normalization is:

〈a〉〈b〉 / 〈k〉〈m〉+ 〈a〉〈m〉+ 〈b〉〈k〉 (4.25)
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6561 / 20.4M + 0.8M + 0.2M (4.26)

(4.27)

The maximal error on the background normalization is ≈ 6561/21.4M=0.03%.

In central Au+Au collisions a much smaller fraction of the total pairs are from

jets meaning the combinatoric jet term 〈a〉〈b〉 is even smaller fraction of the

total combinatoric pairs. Thus, with the current statistical and systematic

errors, the systematic error due to the background normalization method is

negligible.

4.7.7 Effects of Resonance Decays

Resonance decays could mimic a jet signal. In this analysis the dominant decay

contribution is expected to be from the decay of Λ→ π−+ p and Λ̄→ π+ + p̄.

In order to determine the contamination to the jet yields measured here from

these decays, one million lambdas were generated and decayed into protons

and π−. The decays took place at the origin. The PHENIX acceptance was

not used, as the conditional yield analyses are supposed to correct for it. The

only exception to this would be where the proton hits the PHENIX acceptance

and the π− falls outside the η range of PHENIX.

Figure 4.29 shows the associated π pT as a function of the p pT . Within

that range no associated π− has pT above 1.4GeV/c. Since the majority (about

70% in central Au+Au collisions) of the protons with 2.5 < pT < 4.0GeV/c

have a pT under 3.0GeV/c no Λ decay contribution to the jet conditional yield

exists if the associated particles remain above 1.0GeV/c. About 22% of the
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proton triggers are between 3.0 < pT < 3.5GeV/c where the associated π−

contribution extents to 1.2GeV/c, into the range used in the Run 2 analysis.

We have taken no additional systematic errors for this contamination. The

statistical errors on the yields of partners below 1.2GeV/c are much larger

than the resonance decay contribution.
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Particle Charges Real Pairs/Mixed Pairs
0.94 < ∆φ < 1.10rad

+ + 0.046 ± 0.002
- - 0.044 ± 0.003
- + 0.041 ± 0.004
+ - 0.042 ± 0.001

1.26 < ∆φ < 2.04rad
+ + 0.035 ± 0.005
- - 0.040 ± 0.007
+ - 0.052 ± 0.004
- + 0.048 ± 0.003

Table 4.4: Fraction of pairs for different charge combinations for two angular
ranges, one where the mixed event dN

d∆φ distribution looks normal (0.94 < ∆φ <
1.10rad) and one where the mixed event distribution is not (1.26 < ∆φ <
2.04rad). In the normal region the fraction of pairs from different charge
combinations is constant in the real and mixed pairs; in the second region it is
different. The absolute values of the ratio depends only on the ratio of real to
mixed pairs generated. In the absence of signal this ratio should be the same
for all pair charge combinations; these ∆φ regions are outside or at the edge
of the near side jet signal window so contribution from signal pairs should be
small.

A B C D
West Arm 4.17 20.56 -0.34 0.015
East Arm 3.5 18.47 -0.147 -0.0029

Table 4.5: Fit values to correction functions used in this analysis
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Au+Au
pT eWest eEast F

1.03 4.54 4.05 4.36
1.13 4.46 3.99 4.29
1.25 4.39 3.94 4.23
1.37 4.33 3.89 4.17
1.56 4.24 3.83 4.10
1.98 4.13 3.73 3.99

d+Au
1.03 4.54 4.05 4.56
1.13 4.46 3.99 4.49
1.25 4.39 3.94 4.42
1.37 4.33 3.89 4.36
1.56 4.24 3.83 4.28
1.98 4.13 3.73 4.17
p+p
1.03 4.54 4.05 4.56
1.13 4.46 3.99 4.48
1.25 4.39 3.94 4.42
1.37 4.33 3.89 4.36
1.56 4.24 3.83 4.28
1.98 4.13 3.73 4.17

Table 4.6: Values of the efficiency correction for the different collision systems.
See text for explanation of the numbers.

Centrality Tracking Efficiency Error (%)
0-90 0.92
0-10 0.85 5.0
10-20 0.90 5.0
20-40 0.95 3.6
40-60 0.96 3.6
60-90 0.99 2.3

Table 4.7: Values of the tracking efficiency as a function of centrality.
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Centrality Yield per Event
0-10% 6.4
0-5% 6.8

10-15% 4.9
15-20% 4.1
20-30% 3.1
30-40% 2.0
40-50% 1.2
50-60% 0.61
60-70% 0.28
70-80% 0.13
80-92% 0.050

Table 4.8: Values of the integral in Equation. 4.2 for various centrality selec-
tions for 1.7< pT <2.5GeV/c .

pT GeV/c 0-5% 5-10% 10-20% 20-40% 40-60% 60-90%
1.7-2.5 4.44 4.29 4.04 3.80 3.58 3.39

Table 4.9: Combined efficiency and occupancy correction values for unidenti-
fied partners for the centrality and pT selections used in this analysis.

Type 0-5% 5-10% 10-20% 20-40% 40-60% 60-90%
baryons 7.2 6.7 6.3 5.7 5.1 4.2
mesons 8.2 7.9 7.4 7.0 6.5 5.9

Table 4.10: Combined efficiency and occupancy correction values for baryon
and meson partners for 1.7< pT <2.5GeV/c

Type 0-5% 5-10% 10-20% 20-40% 40-60% 60-90%
p 6.77753 6.32438 5.87426 5.44778 4.87903 4.02104
p̄ 8.1489 7.50864 7.10547 6.3126 5.57269 4.45299

Table 4.11: Combined efficiency and occupancy correction values for p and p̄
partners for 1.7< pT <2.5GeV/c
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centrality 0-5% 5-10% 10-20% 20-40% 40-60%
〈pT 〉 0-5% 5-10% 10-20% 20-40% 40-60%
1.03 0.031526 0.0591679 0.0778672 0.115266 0.133373

± 0.015176 ± 0.000317 ± 0.000417 ± 0.000459 ± 0.001026
1.13 0.0341697 0.0640231 0.0840624 0.124141 0.143391

± 0.016494 ± 0.000394 ± 0.000517 ± 0.000564 ± 0.001296
1.25 0.037253 0.0696432 0.0911542 0.134176 0.154625

± 0.018050 ± 0.000429 ± 0.000561 ± 0.000610 ± 0.001398
1.37 0.0402391 0.0750385 0.0978726 0.143541 0.164998

± 0.019577 ± 0.000436 ± 0.000568 ± 0.000624 ± 0.001474
1.56 0.0447684 0.0831211 0.107746 0.156996 0.179662

± 0.021936 ± 0.000483 ± 0.000626 ± 0.000682 ± 0.001605
1.98 0.0539161 0.0989876 0.126249 0.180771 0.204422

± 0.026897 ± 0.000897 ± 0.001144 ± 0.001288 ± 0.002936

Table 4.12: v2 values and their errors for charged hadron partners from [31].

pT GeV/c 0-5% 5-10% 10-20% 20-40% 40-60%
1.7-2.5 0.053994 0.098837 0.125508 0.178850 0.186815

± 0.027062 ± 0.003045 ± 0.003867 ± 0.004020 ± 0.009879

Table 4.13: Meson v2 values from Reference [31] for the centrality and pT

ranges used in this analysis.

pT GeV/c 0-5% 5-10% 10-20% 20-40% 40-60%
1.7-2.5 0.059216 0.107142 0.133705 0.186832 0.215206

± 0.030217 ± 0.010909 ± 0.013614 ± 0.014764 ± 0.037421

Table 4.14: Proton and anti-proton v2 values from Reference [31] for the cen-
trality and pT ranges used in this analysis.

centrality vmeson
2 vbaryons

2

0-5% 0.06 ± 0.03 0.09 ± 0.05
5-10% 0.10 ± 0.01 0.16 ± 0.02
10-20% 0.13 ± 0.01 0.19 ± 0.02
20-40% 0.18 ± 0.01 0.24 ± 0.02
40-60% 0.16 ± 0.02 0.22 ± 0.02

Table 4.15: v2 values and errors for the trigger particles.
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centrality error (%)
0-5% 4.3
5-10% 5.8
10-20% 6.1
20-40% 5.6
40-60% 4.0
60-70% 4.0
dAu 9.5

Table 4.16: Values of the error on the yield from meson contamination in the
baryons.

centrality trigger mesons trigger baryons
0-5% 0.008 0.015
5-10% 0.0089 0.0046
10-20% 0.005 0.008
20-40% 0.004 0.002
40-60% 0.0005 0.002
60-70% 0.0006 0.002
d+Au 0.0004 0.002

Table 4.17: Mixing error on the yields which comes primarily from the random
number generation.

Centrality Error
0-5% 5.0%
0-10% 5.0%
10-15% 5.0%
15-20% 5.0%
20-30% 3.6%
30-40% 3.6%
40-50% 3.6%
50-60% 3.6%
60-70% 2.3%
70-80% 2.3%
80-92% 2.3%

Table 4.18: Systematic error on the occupancy corrections in [25]. In the pT

ranges used in this analysis the occupancy corrections are independent of pT ;
this is an additional error on the absolute normalization of the spectra which
is centrality dependent.
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Centrality Error
0-5% 6.4%
5-10% 6.4%
10-20% 8.1%
20-40% 6.5%
40-60% 5.2%
60-90% 5.6%

Table 4.19: Total point to point systematic errors on the efficiency corrections
for the partners. An additional 7.4% systematic error changes all the efficiency
corrections by the same factor.

Centrality Reaction Plane Resolution Error
0-5% 12%
5-10% 12%
10-20% 12%
20-40% 4%
40-60% 5%
60-70% 5%

Table 4.20: Reaction plane resolution errors on the v2 measurements from [31].

Figure 4.29: π− pT as a function of the proton pT for decayed Λs.
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4.7.8 Total Systematic Errors

The total systematic errors on the conditional yield measurement are the

quadrature sums of the systematic errors from the sources described above.

The systematic errors, broken down by source, for the Run 2 Au+Au and

d+Au analyses are shown in Table 4.21.

4.7.9 Stability of Au+Au Results as a Function of Run

Group

The final Au+Au results from Run 2 are a weighted average of the separate

results from the six run groups. As a cross-check raw results (background

subtracted, uncorrected peak integral) from each of the run groups are com-

pared in Tables 4.22 (meson triggers) and 4.23 (baryon triggers); these are

raw results and only the run group variation should be looked at not the cen-

trality dependence (occupancy correction has not been done nor has the v2

subtraction).

The numbers in Tables 4.22 and 4.23 are the subtracted peak integrals

on the near side over 0.94rad. To turn these numbers into corrected yields

they are multiplied by the efficiency correction (see Table 4.6) and divided by

the occupancy correction (see Table 4.7). The v2 contribution is subtracted

by subtracting 0.47Bvtrig
2 vpart

2 where B is the combinatoric background level,

vtrig
2 and vpart

2 are the trigger and partner v2 values (see Tables 4.15 and 4.12)

and 0.47 is the integral of cos(2∆φ) from 0 to 0.94 rad. The run to run values

given here are for one choice of ξ, Npart as the parameter of the arctan function

(not an average of all four possible values as the final results are.
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Variation Within the Run Groups As a final cross check on the stability

of the run groups the two largest run groups (E00W00 and E00W32) were

divided into into subgroups according to run number and the analysis was

done separately on each subgroup. Significant variation in the results between

the subgroups could mean that the run groups were too large and contained

too many variations in the detector acceptance to get reasonable results. The

mixed pair dN
d∆φ distributions from the subgroups were each divided by the

mixed dN
d∆φ distribution from the corresponding large group. The ratios for the

E00W00 run group in four vertex selections are shown in Figure 4.30 and for

the E00W32 run group in 4.31. There is no significant run group dependence.

Figures 4.32 and 4.33 show the distributions χ2 values of the horizontal

line fits for the E00W00 and E00W32 run groups, respectively. The subgroup

color scheme is the same as in Figures 4.30 and 4.31. No one subgroup has

significantly worse χ2 values than any other and all the fits are reasonable (the

number of degrees of freedom is usually ≈12, some bins around ∆φ = π/2 are

not populated.
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Npart trigger type centrality corr v2 occupancy PID mix
351 baryons -0.0010/+0.0027 0.0086 0.0012 0.0010 0.015
351 mesons -0.0012/+0.0008 0.0054 0.0033 0 0.008
300 baryons -0.0036/+0.0026 0.0084 0.0023 0.0027 0.005
300 mesons -0.0019/+0.0015 0.0050 0.0036 0 0.009
235 baryons -0.0027/+0.0031 0.0095 0.0032 0.0038 0.008
235 mesons -0.0020/+0.0021 0.0063 0.0036 0 0.005
140 baryons -0.0055/+0.0049 0.0044 0.0022 0.0035 0.002
140 mesons -0.0040/+0.0039 0.0028 0.0021 0 0.004
60 baryons -0.0036/+0.0049 0.0026 0.0020 0.0022 0.002
60 mesons -0.0036/+0.0035 0.0018 0.0021 0 0.0005
26 baryons -0.0011/+0.0018 -0.0007/+0.0044 0.0013 0.0022 0.002
26 mesons -0.0014/+0.0013 -0.0005/+0.0033 0.0006 0 0.0006

9 (d+Au) baryons 0.0060 0.0032 0.002
9 (d+Au) mesons 0.0043 0 0.0004

Table 4.21: Absolute systematic errors on the near side yields.

Run Group 0-10% 10-20% 20-40% 40-60%
E00W00 0.015±0.005 0.024±0.005 0.022±0.003 0.015±0.003
E00W32 0.017±0.003 0.019±0.003 0.018±0.002 0.017±0.002
E00W20 0.019±0.008 0.022±0.008 0.028±0.006 0.022±0.006
E00W33 0.030±0.009 0.047±0.009 0.029±0.006 0.014±0.006
E20W20 0.017±0.007 0.021±0.007 0.021±0.005 0.024±0.005
E20W00 0.014±0.010 0.022±0.010 0.021±0.007 0.011±0.007

Table 4.22: Run group variation of the raw results for different centralities in
Au+Au (meson triggers). The run groups are defined in Section 4.1.1. Errors
are statistical.

Run Group 0-10% 10-20% 20-40% 40-60%
E00W00 0.008±0.006 0.027±0.007 0.028±0.005 0.022±0.006
E00W32 0.012±0.004 0.022±0.004 0.025±0.003 0.020±0.004
E00W20 0.016±0.010 0.006±0.010 0.011±0.008 0.006±0.009
E00W33 0.016±0.010 0.036±0.011 0.023±0.009 0.016±0.009
E20W20 0.013±0.009 0.030±0.010 0.030±0.007 0.006±0.007
E20W00 0.007±0.013 0.017±0.013 0.030±0.010 0.025±0.012

Table 4.23: Run group variation of the raw results for different centralities in
Au+Au (baryon triggers). The run groups are defined in Section 4.1.1. Errors
are statistical.
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(a) -5 < zvertex < 0cm (b) 0 < zvertex < 5cm

(c) 5 < zvertex < 10cm (d) 10 < zvertex < 15cm

Figure 4.30: Ratio of the mixed pair dN
d∆φ distributions from the subgroups

of the E00W00 run group to the mixed pair distributions dN
d∆φ distributions

constructed by mixing pairs from the entire run group. Each color denotes
a subgroup. Solid lines are fits to horizontal lines of the ratio of the same
color. Each panel is an independent set of events for a different event vertex
selection.
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(a) -5 < zvertex < 0cm (b) 0 < zvertex < 5cm

(c) 5 < zvertex < 10cm (d) 10 < zvertex < 15cm

Figure 4.31: Ratio of the mixed pair dN
d∆φ distributions from the subgroups

of the E00W32 run group to the mixed pair distributions dN
d∆φ distributions

constructed by mixing pairs from the entire run group. Each color denotes
a subgroup. Solid lines are fits to horizontal lines of the ratio of the same
color. Each panel is an independent set of events for a different event vertex
selection.
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Figure 4.32: Histogram of χ2 values of fits to horizontal lines of the ratios of
dN
d∆φ distributions in subgroups to the entire E00W00 run group. Each color
corresponds to a different subgroup.

Figure 4.33: Histogram of χ2 values of fits to horizontal lines of the ratios of
dN
d∆φ distributions in subgroups to the entire E00W32 run group. Each color
corresponds to a different subgroup.
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Chapter 5

Results

5.1 Identified Leading Particle Correlations in

Runs 2 & 3

5.1.1 Azimuthal Angular Difference Plots

Figure 5.1 shows the azimuthal angular difference distributions for triggers

with 2.5< pT <4.0GeV/c and partners with 1.7< pT <2.5GeV/c for six cen-

tralities in Au+Au (baryon and meson triggers), p+p (non-identified triggers)

and minimum bias d+Au (trigger mesons). The solid lines indicate the level

of combinatoric background, which in Au+Au is modulated by the factor in

Equation 4.9 with the measured v2 values. Systematic errors are not shown.

The large error bars and missing points at ∆φ ≈ π/2 are because of the very

small acceptance there when requiring one particle to be matched in the TOF.

The near side jet peak is clearly visible in all centralities for meson triggers.

In the baryon triggered distributions, the statistics are more marginal, but the
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Figure 5.1: Azimuthal angular difference plots for charged particles with
1.7< pT <2.5GeV/c associated with trigger mesons (left panels) and trig-
ger baryons (top right panel) and inclusive charged particles (bottom right
panel) in Au+Au (top panels), d+Au (bottom left panel) and p+p (bottom
right panel).
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Figure 5.2: Yield of associated particles with 1.7< pT <2.5GeV/c per trigger
with 2.5< pT <4.0GeV/c in Au+Au, d+Au and p+p collisions. The near side
(top panel) is integrated for 0.0< ∆φ <0.94rad and the away side (bottom
panel) is integrated for 2.2< ∆φ < πrad. Points are from the azimuthal angle
distributions in Figure 5.1.

distributions are consistent with the presence of a near side jet peak. The

away side jet is harder to see in the Au+Au on these plots since it is expected

to have a smaller amplitude (due to the possibility of it falling outside the

PHENIX η acceptance) and be wider than the near side peaks due to the

partonic kT . The width and amplitude differences can be clearly seen in the

p+p and d+Au data.
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5.1.2 Jet Conditional Yields

Figure 5.2 shows the fully corrected associated particle yield per trigger for

trigger baryons (red squares) and mesons (blue circles) between 2.5 and 4.0

GeV/c and charged particles between 1.7 and 2.5 GeV/c as a function of the

number of participating nucleons in the collision (Npart). The near side points

(top panel) are integrated over 0 < ∆φ < 0.94rad and the v2 modulated

combinatoric background is subtracted. The away side points (bottom panel)

are integrated over 2.2 < ∆φ < πrad. Statistical error bars are shown as bars

and systematic as grey boxes.

On the near side, the Au+Au points show a lack of centrality dependence

for Npart greater than 50 with little difference between the trigger baryon

and trigger meson points. The plateau value for the mid-central and central

Au+Au points is approximately one and a half times higher than the values for

the conditional yields in d+Au and p+p collisions, indicating a strong medium

influence on the jet yields in Au+Au collisions. The two most central trigger

baryon points appear to drop, possibly indicating the introduction of a non-jet

baryon source. However, the statistical error bars are too large to rule out a

fluctuation. Additionally, any medium dependence is expected to smoothly

evolve with centrality, as the baryon excess does, rather than appear suddenly

at high centralities. The dashed line in in Figure 5.2 represents a toy model

calculation which will be discussed in Section 6.3.

On the away side there is no significant centrality or collision system de-

pendence for Npart less than 300 which appears to suggest that the away side

jet is not strongly modified by the medium. Given that the near side jet is
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strongly modified by the medium and is likely biased toward jets that origi-

nate near the surface, thus seeing much less of the medium than the away side,

the away side jet must be interacting with the medium. The apparent lack of

modification is likely to be accidental. Indeed, in the most central collisions,

the away side yield into the fixed ∆φ range is in agreement with previous

measurements [46] which show a decreasing away side conditional yield.

5.1.3 Jet Width as a Function of pT

Jet particles typically surround the primary parton direction in a cone deter-

mined by jT . jT is the transverse momentum of the fragmentation hadrons

with respect to the primary parton direction. Figure 5.3 shows the relation-

ship between jT and the transverse momenta of the parent parton and final

state hadron.

jT has been measured to be independent of
√

s and particle pT [15, 55]

and collision centrality. The PHENIX measurement of 〈|jT |〉 is 0.359 ± 0.011

GeV/c. 〈|jTy|〉 is the width of the y projection of the two dimensional Gaussian

whose width is 〈jT 〉:

〈jT 〉 =
√

π/2〈|jTy|〉 = 0.44GeV/c

We use this value to determine the angular jet width as a function of the

trigger and associated particle pT :

σ =

√√√√
(
〈jT 〉
pT,trig

)2

+

(
〈jT 〉

pT,part

)2
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Figure 5.3: Vector illustration of jet fragmentation. jet p̂Tt is the jet par-
ton’s transverse momentum and pTt is the transverse momentum of one of the
jet final state hadrons. jTy is the y-projection of the transverse momentum
between the parton and hadron momenta, jT .

pT,part jet width (radians)
1.00-1.07 0.45
1.07-1.20 0.42
1.20-1.30 0.38
1.30-1.45 0.36
1.45-1.70 0.32
1.70-2.50 0.27

Table 5.1: Jet width in radians based on 〈jT 〉 = 0.44GeV/c. 2.5 < pT,trig <
4.0GeV/c in all cases.

where pT,trig and pT,part are the mean pT of the trigger and partner particle

bins, respectively. For the pT,part bins used in this analysis the jet widths are

given in Table 5.1.

Jet Width in ∆η Assumption Because of PHENIX’s limited acceptance

in ∆η (|∆η| < 0.7) and the changing jet width with pT,part the fraction of

particles from the jet-cone which are measured in PHENIX is not constant.

Additionally, the low statistics of the Run 2 dataset and the small PHENIX

∆η acceptance do not allow us to directly measure the width of the jet in

∆η (the 〈jT 〉 values above come from a one dimensional measurement in ∆φ).

With the Run 4 data it should be possible to directly measure the jet width

117



in ∆η.

We make the assumption that the jet is a symmetric Gaussian in ∆η and

∆φ in order to correct for the undetected jet particles. In p+p collisions this

is expected to be a good assumption since there is no preferred direction as

the parton fragments. In Au+Au collisions, however, there is evidence that

the medium breaks the symmetry in some manner (possibly the longitudinal

expansion of the system [56]) leading to different jet widths in ∆η and ∆φ

[49]. The available data is insufficient to determine the shape of the jet in ∆η

at the pT range of this analysis.

Correction for PHENIX Acceptance Based on the symmetric Gaussian

assumption and the actual shape of the PHENIX acceptance in ∆η it is pos-

sible to determine the fraction of jet particles which are missed as a function

of the jet width.

The fraction of the jet particles in the PHENIX acceptance is then given by

the curve in Figure 5.4 which comes from the convolution of the Gaussian jet

shape with the PHENIX pair acceptance in ∆η. Table 5.2 shows the fraction of

jet particles and widths as a function of the partner pT range. The conditional

yields are corrected upward by the reciprocal of the fraction of jet particles.

This results in the true number of jet partners per trigger that would have been

observed in a perfect detector under the symmetric Gaussian assumption.

5.1.4 Near Side Jet pT Spectra

Figure 5.5 shows the near side associated particle pT spectra under the width

assumption described above. Only statistical errors are shown in the figure.
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Figure 5.4: Fraction of the jet partner particles detected in PHENIX as a
function of the jet width in units of rad/0.35 (half the nominal PHENIX η
acceptance).

partner pT range jet width (rad) fraction of jet
in PHENIX

1.00-1.07 0.45 0.50
1.07-1.20 0.42 0.53
1.20-1.30 0.38 0.57
1.30-1.45 0.36 0.60
1.45-1.70 0.32 0.64
1.70-2.50 0.27 0.69

Table 5.2: Jet widths and fraction of the jet partner particles in PHENIX as
a function of partner pT .
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Figure 5.5: Near side associated particle pT spectra for triggers with 2.5<
pT <4.0GeV/c for Au+Au, d+Au and p+p (inclusive charged particle trigger).

Figure 5.6: Inverse slopes of the near side associated particle pT spectra from
the exponential fits shown in 5.5. Errors are statistical only. The gray band
shows the inverse slope of the inclusive charged hadron pT spectra in Au+Au
collisions from [25].

The systematic errors shown in 5.2 do not have a strong pT dependence and

are smaller than the statistical errors on the yields.

Spectra Slopes Figure 5.6 shows the inverse slopes as a function of Npart

from the fits in 5.5. The grey band shows the slope of the inclusive spectra in

the pT range of the partners in 5.5 (1.0 < pT < 2.5). Within the large statistical

errors, there is no strong centrality and collision system dependence.

The main systematic uncertainty is the validity of the symmetric Gaussian
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approximation used to correct for the PHENIX acceptance. Given the current

knowledge of the jet shape in ∆η it is not possible to determine the accuracy of

the correction. We conservatively put an uncertainty of 50% on the correction

in the most central collisions which translates to a 20% uncertainty on the

slope. This is comparable to the statistical error for the meson triggered

points and smaller than the statistical error for the baryon triggered points.

Broadening in ∆η has been observed in a similar pT range [49]. While the

pT and centrality dependence are incomplete, it appears that the broadening

becomes greater at lower partner pT . If this is the case then our assump-

tion under-corrects the partner yield at the lowest pT . The proper correction

would then decrease the inverse slopes in the most central collisions, where the

medium effects should be the largest. Under our assumption, the most central

inverse slopes are already in agreement with those from the inclusive spectra.

It is unclear what physical scenario would give jet partners a steeper spectrum

than inclusive hadrons. Realistically, it does not appear that any broadening

in ∆η could have a large effect on the slopes shown in Figure 5.6.

The lack of strong dependence on collision system and centrality depen-

dence of the inverse slopes is further evidence that the trigger particles in

Au+Au collisions are from the same jet-like mechanism as in p+p and d+Au

collisions. A study of the trigger pT dependence of the slopes for both p+p and

Au+Au would be useful to further constrain the jet production mechanism in

Au+Au collisions.
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5.2 Identified Leading Particle Correlations in

Run 4

Figure 5.7 shows the 1
Ntrig

dN
d∆φ distributions for identified trigger particles with

unidentified partner particles. Figures 5.8 and 5.9 show the near side yields in-

tegrated over 0.94rad. These distributions are directly comparable to Figures

5.1 and 5.2. The Run 4 analysis contains approximately 700 million events.

The high statistics dataset confirms that the difference in the near side con-

ditional yields for trigger baryons and mesons in the most central collisions

seen in the top panel of 5.2 is significant. There is a 4.3σ difference between

the baryon and meson triggered points at Npart=300 and a 5.1σ difference at

Npart=351. These numbers use the statistical errors only as the systematic

errors contain components which move the baryon and meson triggered con-

ditional yields in the same manner. At other centralities and on the away side

there is no significant difference between baryon and meson triggered corre-

lations. Figure 5.9 shows a significant drop in the away side partner yield in

central Au+Au collisions. A fit to the meson triggered away side yields as a

function of centrality has a chi2/dof of 2.8/3 for points at Npart <300 and

20.1/5 if all points are included. For the baryon triggered yields, the chi2/dof

is 20.1/3 for points at Npart <300 and 38.4/5 if all points are included.

122



Figure 5.7: 1
Ntrig

dN
d∆φ distributions for triggers with 2.5 < pT <4.0GeV/c iden-

tified in the TOF as mesons (left panel) or baryons (right panel) and partners
with 1.7< pT <2.5GeV/c . The data points show six centralities: 0-5% (red),
5-10% (orange), 10-20% (green), 20-40% (blue), 40-60% (purple) and 60-90%
(black). The solid lines show the combinatoric background level modulated
by the v2 contribution. Corrections for efficiency, acceptance and multiplicity
have been applied.
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Figure 5.8: Integrated yields per trigger on the near side, 0< ∆φ <0.94rad for
triggers between 2.5< pT 4.0GeV/c and partners between 1.7< pT <2.5GeV/c
as a function of Npart. Squares are for trigger baryons and circles are for trigger
mesons.

Figure 5.9: Integrated yields per trigger on the far side, 2.2< ∆φ < πrad for
triggers between 2.5< pT 4.0GeV/c and partners between 1.7< pT <2.5GeV/c
as a function of Npart. Squares are for trigger baryons and circles are for trigger
mesons.
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5.3 Correlations Between Identified Pairs

Here we present the results of two particle correlations where both the trig-

ger and partner particles have been identified as baryons or mesons in Run

4. Figures 5.10 and 5.13 show azimuthal angular difference distributions for

leading baryons and mesons with partner mesons and baryons, respectively.

Partner mesons for both trigger types show a more pronounced near side jet

structure as would be expected from normal fragmentation which favors meson

production.

Figures 5.11 and 5.14 show the near side associated yields for both trig-

ger types with meson and baryon partners, respectively. The only significant

difference between the baryon and meson triggers is the decrease in the me-

son partner yield in the most central collisions, greater than 300 participants.

The difference between the baryon and meson triggered conditional yields at

Npart=300 is 1.4σ and at Npart=351 it is 2.9σ. No similar decrease is seen

for baryon partners, but the statistical errors are large. Figures 5.12 and 5.15

show the away side yields for both trigger types and meson and baryon part-

ners, respectively. No centrality strong dependence is observed. Values from

horizontal line fits to the away side yields as a function of Npart are shown in

Table 5.3. The χ2/dof is reasonable except for the baryon-baryon correlations.

With the large statistical and systematic errors here, the lack of centrality de-

pendence of the away side yields with identified partners is not inconsistent

with the decrease in the away side yields with unidentified partners in Figure

5.9.
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Figure 5.10: 1
Ntrig

dN
d∆φ distributions for triggers with 2.5 < pT <4.0GeV/c

identified in the TOF as mesons (left panel) or baryons (right panel) and
partners with 1.7< pT <2.5GeV/c identified as mesons. The data points show
six centralities: 0-5% (red), 5-10% (orange), 10-20% (green), 20-40% (blue),
40-60% (purple) and 60-90% (black). The solid lines show the combinatoric
background level modulated by the v2 contribution. Corrections for efficiency,
acceptance and multiplicity have been applied.
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Figure 5.11: Integrated yields per trigger on the near side, 0< ∆φ <0.94rad
for triggers between 2.5< pT <4.0GeV/c and partners between 1.7<
pT <2.5GeV/c identified as mesons as a function of Npart. Squares are for
trigger baryons and circles are for trigger mesons.

Figure 5.12: Integrated yields per trigger on the far side, 2.2< ∆φ <
πrad for triggers between 2.5< pT <4.0GeV/c and partners between 1.7<
pT <2.5GeV/c identified as mesons as a function of Npart. Squares are for
trigger baryons and circles are for trigger mesons.
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Figure 5.13: 1
Ntrig

dN
d∆φ distributions for triggers with 2.5 < pT <4.0GeV/c

identified in the TOF as mesons (left panel) or baryons (right panel) and
partners with 1.7< pT <2.5GeV/c identified as baryons. The data points show
six centralities: 0-5% (red), 5-10% (orange), 10-20% (green), 20-40% (blue),
40-60% (purple) and 60-90% (black). The solid lines show the combinatoric
background level modulated by the v2 contribution. Corrections for efficiency,
acceptance and multiplicity have been applied.
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Figure 5.14: Integrated yields per trigger on the near side, 0< ∆φ <0.94rad
for triggers between 2.5< pT <4.0GeV/c and partners between 1.7<
pT <2.5GeV/c identified as baryons as a function of Npart. Squares are for
trigger baryons and circles are for trigger mesons.

Figure 5.15: Integrated yields per trigger on the far side, 2.2< ∆φ <
πrad for triggers between 2.5< pT <4.0GeV/c and partners between 1.7<
pT <2.5GeV/c identified as baryons as a function of Npart. Squares are for
trigger baryons and circles are for trigger mesons.
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trigger partner fit value χ2/dof
meson meson 0.020±0.002 6.4/5
baryon meson 0.018±0.003 5.5/5
meson baryon 0.007±0.001 5.2/5
baryon baryon 0.007±0.002 8.8/5

Table 5.3: Fit values for horizontal line fits to the away side yields as a function
of Npart shown in Figures 5.12 and 5.15.
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5.4 Baryon and Anti-Baryon Correlations

Correlations between identified protons and anti-protons further explore the

modified fragmentation process in Au+Au collisions. Here, the protons and

anti-protons have been identified with the TOF (trigger and partner) and the

EMCal (partner particles) and the particle charge. These include protons and

anti-protons which come from the decay of Λ and Λ̄. Figures 5.16 and 5.17 show

the angular difference distributions for partner protons and anti-protons, re-

spectively for triggers identified as protons and anti-protons. For both partner

types a strong near side jet peak is seen for opposite sign pairs (trigger protons

with partner anti-protons with trigger anti-protons and partner protons) while

no significant near jet peak is seen for same sign pairs (trigger protons with

partner protons and trigger anti-protons with partner anti-protons). Figure

5.18 shows the near and away side conditional yields for these correlations.

On the near side the conditional yields are consistent with zero at all central-

ities for correlations between the same sign particles (p-p and p̄-p̄). There are

non-zero conditional yields for combinations between opposite charge particles

on the near side. Interestingly, the p̄-p correlations are systematically higher

than p-p̄ correlations at all centralities. A fit to a horizontal line for p̄ − p

correlations as a function of Npart gives 0.012±0.002 and for p− p̄ correlations

the value is 0.008±0.001. On the away side, the yields are independent of the

trigger type and the charges of the particles, within the statistical errors.
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Figure 5.16: 1
Ntrig

dN
d∆φ distributions for triggers with 2.5 < pT <4.0GeV/c iden-

tified in the TOF as anti-protons (left panel) or protons (right panel) and pro-
ton partners with 1.7< pT <2.5GeV/c . The data points show six centralities:
0-5% (red), 5-10% (orange), 10-20% (green), 20-40% (blue), 40-60% (purple)
and 60-90% (black). The solid lines show the combinatoric background level
modulated by the v2 contribution. Corrections for efficiency, acceptance and
multiplicity have been applied.
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Figure 5.17: 1
Ntrig

dN
d∆φ distributions for triggers with 2.5 < pT <4.0GeV/c

identified in the TOF as anti-protons (left panel) or protons (right panel)
and anti-proton partners with 1.7< pT <2.5GeV/c . The data points show
six centralities: 0-5% (red), 5-10% (orange), 10-20% (green), 20-40% (blue),
40-60% (purple) and 60-90% (black). The solid lines show the combinatoric
background level modulated by the v2 contribution. Corrections for efficiency,
acceptance and multiplicity have been applied.
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Figure 5.18: Near and away side conditional yields for p-p (solid blue triangles),
p-p̄ (solid red circles), p̄-p̄ (hollow blue triangles) and p̄-p correlations. In all
cases the trigger particles are from 2.5< pT <4.0GeV/c and the associated
particles are from 1.7< pT <2.5GeV/c .
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Chapter 6

Discussion

6.1 Thermal Recombination

The purely thermal recombination model in [32] predicts that a large fraction

of the trigger particles come from non-jet sources (see Figure 1.14). If addi-

tional baryons and mesons are being formed by recombination, the jet yield

per trigger should be diluted by the addition of non-jet triggers. Figure 6.1

shows the near side conditional yields as in Figure 5.2. The two lines show

what the near side conditional yields should be, based on the recombination

fraction in Figure 1.14, normalized to no triggers from recombination in the

p+p conditional yields (both baryon and meson triggers are normalized to

the same unidentified trigger p+p measurement; normalizing to the identified

trigger d+Au measurements would slightly lower each curve); all trigger pro-

duction from recombination dilutes the conditional yield from the p+p level.

The dot-dashed line (blue) is the thermal recombination expectation for me-

son triggers and the dashed line (red) is the expectation for trigger baryons.
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Figure 6.1: Conditional yield on the near side (the data are the same as in
Figure 5.2. The curves are the expectation of purely thermal recombination
based on the fraction of particles from recombination in Figure 1.14 [32]. Dot-
dashed line (blue) is for trigger mesons and dashed line (red) is for trigger
baryons.

Clearly, both curves are excluded by the data. Additionally, the centrality

dependence of the curves is different than the data; no normalization constant

would bring the curves into agreement with the data.

6.2 Beyond Thermal Recombination

Purely thermal recombination does not agree with the data, but this simple

picture ignores all correlations except for elliptic flow and has no mechanism to

explain the intersection of hard and soft physics at intermediate pT . Several

hybrid recombination and jet models have been proposed [34, 33, 57] which

apply recombination to more realistic scenarios. The simplest of these “hard-

soft” recombination models is [34] where a hard scattered quark or anti-quark

either fragments normally or recombines with quark and anti-quarks from the
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thermal part of the event to form final state hadrons. The next extension of

this idea is Shower Parton recombination [33] where the quarks and anti-quarks

from the fragmentation of a hard scattered parton are allowed to recombine

with each other or with quarks and anti-quarks from the thermal medium. In

the limit that the thermal source vanishes normal fragmentation, as in e+ +e−

collisions is recovered. In the final model [57] jet partons interacting with the

medium create a localized hot spot which recombines, but the particles are

correlated.

6.2.1 Shower Parton Recombination

While the idea of a large thermal source does not apply to peripheral Au+Au,

d+Au, and p+p collisions, a blend of recombination and fragmentation has

been proposed which is applicable to all three systems [33, 58]. Basically, as

a parton fragments it creates quark/anti-quark pairs which then recombine to

form final state hadrons. All quarks are available for recombination, those from

the thermal source (if present) and those from the fragmentation of jets. In

this way traditional fragmentation can be explained in terms of recombination

of quarks and gluons from the radiated gluons. This type of fragmentation is

very similar to that in the Herwig [59] event generator.

In the shower parton recombination model quarks and anti-quarks are clas-

sified as either “thermal”, those which come from the thermal source and

“shower”, those which are associated with a hard scattering. Mesons produced

in this model are either “thermal-thermal”, those coming from the recombi-

nation of two thermal quarks and anti-quarks, “shower-shower” those coming

137



from quarks and anti-quarks associated with a hard scattering, and “thermal-

shower”, where one quark or anti-quark is from the thermal source and the

other is associated with a hard scattering. Thermal-thermal mesons are the

same as in purely thermal recombination. Shower-shower mesons come in two

types: those where the quark and anti-quark are associated with the same jet

(1-jet) and those where the quark and anti-quark are associated with differ-

ent jets (2-jet). The 1-jet shower-shower mesons are the same as in normal

fragmentation. 2-jet mesons are rare at RHIC energies, but would become

important if the jet multiplicity were sufficiently high.

Figure 6.2 from [58] shows the π0 spectrum as calculated in the shower par-

ton recombination model (solid line) compared with the PHENIX data from

[60] for central Au+Au collisions. The other lines show the contribution to the

total from the various recombination types. At low pT (<3GeV/c ) thermal-

thermal recombination dominates. Thermal-shower recombination dominates

from 3< pT <8GeV/c . For pT >8GeV/c shower-shower production from a sin-

gle jet, normal fragmentation, dominates. Shower-shower production from two

jets is not expected to be important at all. The calculation agrees reasonably

well with the data.

Baryon production in the shower parton recombination model again occurs

between shower and thermal quarks or anti-quarks. There are more different

combinations than in meson production. Figure 6.3 from [58] shows a cal-

culation of the proton spectra in central Au+Au collisions compared to the

PHENIX data [26] with the various contributions to the proton yield shown

with the different lines. Recombination of three thermal quarks (dashed line)

is expected to dominate until pT <5GeV/c . At higher pT , correlations be-
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Figure 6.2: Expected contributions to the pi0 spectrum in central Au+Au
collisions from [58]. The dominant contributions are the recombination of two
quarks from the thermal source (dashed line) and one thermal quark with one
quark from a hard scattering (crosses). The data points are from [60].

come important. Recombination of one thermal quark with two shower quarks

from a single jet (dot-dashed line) dominates for 5< pT <9GeV/c . At higher

pT , normal fragmentation (solid line with square points) dominates.

The shower recombination model has also been applied to d+Au collisions.

“Thermal” quarks and anti-quarks, from soft scattering, are still expected to

play an important role in particle production at intermediate pT . In central

d+Au collisions the majority of both pions and protons are expected to contain

at least one thermal quark for pT < 3.0GeV/c [37, 38] as can be seen in

Figures 6.4 and 6.5. In peripheral d+Au collisions, where the average number

of binary collisions is ≈3, the protons are dominated by recombination out to

≈2.5GeV/c, suggesting recombination plays only a slightly less significant role

than in central d+Au collisions.
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Figure 6.3: Expected contributions to the proton spectrum in central Au+Au
collisions from [58]. The dominant contributions are the recombination of
three quarks from the thermal source (dashed line) at low pT and at least one
thermal quark with one or two quarks from a single hard scattering (crosses
and dot-dashed respectively). The data points are from [26].

The Cronin effect [61] is the enhancement of the particle yields beyond

binary scaling in p (or d)-nucleus collisions. At RHIC energies the Cronin

enhancement is found to be greater for protons and anti-protons than pions

[62, 40]. The agreement between the data and the calculations in Figures

6.4 and 6.5 provides a possible explanation for this. Two particle correlation

measurements are needed to further understand if recombination models are

applicable in d+Au collisions.

Conditional yields at intermediate pT have not been calculated for Au+Au

or d+Au and provide a much more sensitive test of the possible modifications

to fragmentation suggested by shower parton recombination. Comparisons

with the data are essential to understanding the validity of this model.
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Figure 6.4: Expected contributions to the pion spectrum in central d+Au
collisions from [37]. The thin solid line indicates the contribution only from
the thermal source, the dot dashed lines show the contribution from thermal-
shower mixture and the dashed lines the protons from only shower quarks.
The data are from [28].

6.2.2 Recombination from a Correlated Thermal Source

An enhancement to the traditional recombination models that has been re-

cently proposed is the inclusion of correlations in the thermal source beyond

elliptic flow [57]. A possible mechanism for creating these correlations is energy

loss of a hard parton via medium induced gluon radiation. The radiated gluons

create a region of increased temperature and gluon density along the jet path.

These extra gluons eventually become extra final state hadrons. The spatial

correlation among these hadrons is amplified according to the valence quark

number in the same manner elliptic flow correlations are; baryon-baryon cor-

relations are the most amplified and meson-meson correlations are the least

amplified. An initial calculation of correlated source recombination found
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Figure 6.5: Expected contributions to the proton spectrum in central (top
panel) and peripheral (bottom panel) d+Au collisions from [38]. The thin solid
lines indicate the contribution only from the thermal source, the dot dashed
lines show the contribution from thermal-shower mixture and the dashed lines
the protons from only shower quarks. The data are from [28].

that both the correlations due to recombination and those due to fragmenta-

tion were important in understanding hadron formation at intermediate pT in

Au+Au collisions [57].

Figure 6.6(b) shows the yield of additional lower pT particles which ac-

company each 2.5< pT < 4.0GeV/c baryon or meson (YAB) as a function of

Npart. The squares show the yield from pure fragmentation and the black di-

amonds show the yield from recombination of the correlated thermal source.

Meson triggers have some correlations from the thermal source (YAB ≈ 0.3),
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(a) data from Figure 5.2 (b) calculation from [57]

Figure 6.6: (a) Top panel of Figure 5.2 showing the near side conditional
yields as a function of Npart for the Run 2 and 3 analysis in p+p, d+Au
and Au+Au collisions. (b) YAB (see text) for charged hadrons with 1.7<
pT <2.5GeV/c associated with mesons (left panel) and baryons (right panel)
with 2.5< pT <4.0GeV/c. Blue squares show the contribution from pure frag-
mentation and the black diamonds show the contribution from recombination
from the soft correlated source. Red circles indicate the authors best calcula-
tion for the combined observable YAB value. For the other points see [57].

but baryon triggers have essentially no correlations from the thermal source.

This is strange because correlations involving a baryon should be higher than

correlations involving a meson due to the quark number scaling. All of the

correlations from baryon triggers then must come from fragmentation.

The red circles in Figure 6.6(b) are directly comparable to Figures 5.2 (top

panel, which is reproduced as Figure 6.6(a)) and Figure 5.8. The calculation

agrees well with the data, except for the decrease in baryon triggered yields

in the most central collisions. The fragmentation estimation (blue squares)

seems quite high in comparison with the p+p and d+Au data in 5.2 where

thermal sources should be less important than in Au+Au. The approach is

interesting, but without calculations for p+p and d+Au which also reproduce

the data it is unconvincing.
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Figure 6.7: p̄/π− ratio as a function of pT in Au+Au collisions in five central-
ities. The data are taken from [26].

6.3 Upper Limit to Thermal Baryon Produc-

tion

A simple data based toy model can be used to understand the sensitivity of

associated yield measurements to changes in the jet structure of the baryon

excess. If the source of the baryon excess is purely thermal (non-jet) source

it is possible to predict the yield of associated particles per trigger based

on the observed change in the p̄/π− ratio with centrality (the p̄/π− ratio is

used because all p̄ are produced in the collision). A change in the p̄/π− ratio

from the normal fragmentation value observed in p+p collisions would indicate

additional baryon and anti-baryon production by a thermal source and would

dilute the yield of associated particle per trigger. The p̄/π− ratio for various

centralities is shown in Figure 6.7 [26].

The dilution of baryons from fragmentation by those from a thermal source

is described by:
p̄

π
=

fb + rb

fπ
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where fb and fπ are constant and fb
fπ

is the p̄/π ≈ 0.25 ratio in peripheral

Au+Au collisions where the assumption is that all p̄ come from fragmentation.

The p̄/π− ratio in peripheral Au+Au collisions is actually slightly higher than

in p+p collisions, but this does not change the conclusions drawn here. rb is

the additional p̄ which come from the thermal source.

Realistic recombination type models assume that mesons, as well as baryons,

are formed by thermal processes. This model, by allowing no thermal meson

production, keeps the baryon and anti-baryon production by thermal processes

at a minimum and thus represents a lower limit on the dilution of the jet as-

sociated yield per baryon and anti-baryon trigger.

Table 6.1 shows the fraction of baryons and anti-baryons from fragmen-

tation as a function of Npart under the assumptions of this model. All other

baryons and anti-baryons are assumed to be from some thermal source.

Npart
fp

fp+rp

325 0.34
234 0.41
140 0.54
60 0.76
22 1.00

Table 6.1: Fraction of baryons and anti-baryons from fragmentation as a func-
tion of Npart under the toy model assumption.

In order to compare the assumptions in this model to the data we need to

normalize to the normal fragmentation yield of associated particle per baryon

trigger. Because the peripheral Au+Au data points for both trigger types have

large statistical errors we have normalized to the p+p yield in Figure 5.2 (the

top panel of which is reproduced as Figure 6.8). The absolute values of the
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model curve differs from the results at all centralities except the most central.

It is also clear that even if the normalization was determined differently, the

centrality dependence of the model curve is incompatible with the data. The

Run 4 analysis (Figure 5.8) confirms the conclusion of the Run 2 analysis.

Thus, the source of baryons and anti-baryons must be a mechanism which

yields partners per trigger, a jet-like mechanism.
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Figure 6.8: Near side associated yields for trigger baryons and mesons as
a function of Npart from the Run 2 analysis with the toy model calculation
described in the text (dashed red line). Data is the same as the top panel of
Figure 5.2.

147



Centrality χ2/DOF meson triggers χ2/DOF baryon triggers
0-5% 0.89 1.10
5-10% 0.84 0.66
10-20% 2.00 2.51
20-40% 1.17 1.19
40-60% 0.56 2.24
60-70% 1.10 0.79

Table 6.2: χ2 per degree of freedom between the curves and data points in
Figure 6.9. In all cases there are six degrees of freedom. Table is from [63].

6.4 Jet Widths in Au+Au Collisions

The widths of the near side jets observed in Au+Au collisions in this analysis

are consistent, within errors, with what is predicted based on the measured

jT from p+p collisions (see Section 5.1.3). Figure 6.9 [63] shows the 1
Ntrig

dN
d∆φ

distributions from Figure 5.1 with near side jet shape calculated from the

conditional yield and assuming that jT remains constant in Au+Au collisions

with centrality. The χ2/DOF values for the comparison between the calcu-

lation and the data points is shown in Table 6.2. The χ2/DOF values are

reasonable, ruling out a strong modification of the near side jet shape in this

pT range. Additionally, there is no strong difference between the baryon and

meson triggered jet shapes.

6.5 Comparison to PYTHIA

Right now we do not have p+p conditional yield results for any correlations

where either particle is identified. We use PYTHIA [10] generated p+p events

at
√

s=200GeV as a baseline instead. For this study approximately 57M hard

scattering PYTHIA collisions were created. The same pT ranges for trigger
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Figure 6.9: Data points are the same as in Figure 5.1. Solid lines are the
combinatoric level modulated by v2 plus the near side jet shape calculated from
the jet width from the constant jT assumption and the near side conditional
yields in 5.2. The level of agreement between the curves and the data points
is shown in Table 6.2. Figure is from [63].

and partner particles were used as in the analysis of the real data. Particles

used were required to be charged hadrons (π±, K±, p and p̄) and within the

PHENIX η acceptance (|η| <0.35). The PHENIX azimuthal acceptance was

not imposed because the final data analysis corrects for it. The analysis pro-

cedure was the same as for the real analysis and the combinatoric background

level was calculated by the 〈triggers〉〈partners〉 normalization. The 1
Ntrig

dN
d∆φ

distributions are shown in Figures 6.10 (charged hadron partners), 6.11 (identi-

fied baryon or meson partners) and 6.12 (identified proton/anti-proton triggers

and partners). In all figures the combinatoric background level (dashed line)
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Figure 6.10: Unsubtracted 1
Ntrig

dN
d∆φ distribution from PYTHIA p+p events.

Triggers are from 2.5< pT <4.0GeV/c and partners are from 1.7<
pT <2.5GeV/c . The dashed lines show the calculated combinatoric back-
ground levels. Conditional yields are shown in Tables 6.3 (near side) and 6.4
away side.

is very small compared to the signal.

Tables 6.3, 6.4, 6.5, 6.6, 6.7 and 6.8 show the conditional yields for the

PYTHIA analysis integrated over the same angular range as the data, 0<

∆φ <0.94rad for the near side and 2.2< ∆φ < πrad for the away side. Also in

the Tables are the peripheral (60-90%) Au+Au conditional yields from the Run

4 analysis for the corresponding particle type combinations and the difference

between the data and PYTHIA in terms of the statistical σ on the data.

The quantitative disagreement between the data and PYTHIA is not espe-

cially worrisome. PYTHIA has not been tuned to the correlations data at this

energy. Here we are concerned with whether the qualitative features of the

particle type dependence of the near side correlations are the same in PYTHIA
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Figure 6.11: Unsubtracted 1
Ntrig

dN
d∆φ distribution from PYTHIA p+p events.

Triggers are from 2.5< pT <4.0GeV/c and partners are from 1.7<
pT <2.5GeV/c . The dashed lines show the calculated combinatoric back-
ground levels. Conditional yields are shown in Tables 6.3 (near side) and 6.4
away side.

DATA PYTHIA Difference
Trigger Type Partner Type Conditional Yield Conditional Yield σ

meson charged hadron 0.054 ± 0.002 0.0921 ± 0.0003 19
baryon charged hadron 0.050 ± 0.002 0.1039 ± 0.0008 27

Table 6.3: Near side conditional yield measurements from 60-90% centrality
Au+Au data and PYTHIA for trigger particles from 2.5< pT <4.0GeV/c and
partner particles from 1.7< pT <2.5GeV/c .
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Figure 6.12: Unsubtracted 1
Ntrig

dN
d∆φ distribution from PYTHIA p+p events.

Triggers are from 2.5< pT <4.0GeV/c and partners are from 1.7<
pT <2.5GeV/c . The dashed lines show the calculated combinatoric back-
ground levels. Conditional yields are shown in Tables 6.3 (near side) and 6.4
away side.
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and the Au+Au data. For this comparison the ratio of the data to PYTHIA

should be sufficient.

Figure 6.13 shows the near side ratio of partner baryon to mesons for both

the data and PYTHIA for meson and baryon triggers. Only statistical errors

are shown on the data. The data show no significant centrality or trigger

dependence. PYTHIA jets have a much higher baryon to meson ratio for

baryon triggered jets than. The origin of this discrepancy is not understood. It

is puzzling that the jets at intermediate pT in mid-central and central Au+Au

collisions have a greatly increased probability to have a baryon trigger, but

the partner composition is not significantly changed from the meson triggered

jets.

Figure 6.14 shows the away side baryon to meson ratio as a function of

centrality for trigger baryons, trigger mesons and PYTHIA. The error bars on

the data are large, and there is no significant difference between the data and

PYTHIA.

Values of the ratio of the data to PYTHIA for p and p̄ correlations are

shown in Table 6.9. Within the large statistical errors, which are dominated by

the statistical errors on the data, the ratio of the data to PYTHIA is consistent

for all four trigger and partner combinations. Thus, in peripheral Au+Au

collisions the data is in agreement with fragmentation via string breaking.

Baryon and anti-baryon pairs are likely to be found on the same side jet in

both PYTHIA and Au+Au collisions, rather than baryon number conservation

in the di-jet pair. The lack of centrality dependence in the data for these

correlations (see Figure 5.18) implies that the baryon fragmentation on the

near side is not significantly modified even in central Au+Au collisions from
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p+p collisions.
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DATA PYTHIA Difference
Trigger Type Partner Type Conditional Yield Conditional Yield σ

meson charged hadron 0.035 ± 0.002 0.060 ± 0.001 12
baryon charged hadron 0.050 ± 0.004 0.067 ± 0.003 4.3

Table 6.4: Far side conditional yield measurements from 60-90% centrality
Au+Au data and PYTHIA for trigger particles from 2.5< pT <4.0GeV/c and
partner particles from 1.7< pT <2.5GeV/c .

DATA PYTHIA Difference
Trigger Type Partner Type Conditional Yield Conditional Yield σ

meson meson 0.042 ± 0.005 0.083 ± 0.001 8.2
baryon meson 0.014 ± 0.004 0.060 ± 0.003 12
meson baryon 0.005 ± 0.002 0.0090 ± 0.0004 2.0
baryon baryon 0.010 ± 0.004 0.044 ± 0.002 8.5

Table 6.5: Near side conditional yield measurements from 60-90% centrality
Au+Au data and PYTHIA for trigger particles from 2.5< pT <4.0GeV/c and
partner particles from 1.7< pT <2.5GeV/c .

DATA PYTHIA Difference
Trigger Type Partner Type Conditional Yield Conditional Yield σ

meson meson 0.014 ± 0.004 0.051 ± 0.001 9.3
baryon meson 0.012 ± 0.006 0.056 ± 0.003 7.3
meson baryon 0.005 ± 0.002 0.0090 ± 0.0004 2.0
baryon baryon 0.003 ± 0.003 0.011 ± 0.001 2.7

Table 6.6: Far side conditional yield measurements from 60-90% centrality
Au+Au data and PYTHIA for trigger particles from 2.5< pT <4.0GeV/c and
partner particles from 1.7< pT <2.5GeV/c .

DATA PYTHIA Difference
Trigger Type Partner Type Conditional Yield Conditional Yield σ

p̄ p̄ -0.001 ± 0.002 0.004 ± 0.001 2.5
p̄ p 0.009 ± 0.004 0.039 ± 0.003 7.5
p p̄ 0.006 ± 0.002 0.043 ± 0.003 19
p p 0.000 ± 0.002 0.0019 ± 0.0007 0.95

Table 6.7: Near side conditional yield measurements from 60-90% centrality
Au+Au data and PYTHIA for trigger particles from 2.5< pT <4.0GeV/c and
partner particles from 1.7< pT <2.5GeV/c .
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DATA PYTHIA Difference
Trigger Type Partner Type Conditional Yield Conditional Yield σ

p̄ p̄ 0.0003 ± 0.002 0.006 ± 0.001 2.9
p̄ p 0.002 ± 0.002 0.005 ± 0.001 1.5
p p̄ 0.003 ± 0.002 0.005 ± 0.001 1.0
p p 0.004 ± 0.002 0.005 ± 0.001 0.50

Table 6.8: Far side conditional yield measurements from 60-90% centrality
Au+Au data and PYTHIA for trigger particles from 2.5< pT <4.0GeV/c and
partner particles from 1.7< pT <2.5GeV/c .

Figure 6.13: Associated baryon to meson ratio for near side correlations in
Au+Au and PYTHIA. The Au+Au points come from Figures 5.11 and 5.14,
errors are statistical only. The solid black line shows the baryon to meson
ratio for single identified charge particles as measured in PHENIX [40]. No
feed-down correction is applied.

Trigger Type Partner Type Ratio
p̄ p̄ -0.25 ± 0.50
p̄ p 0.23 ± 0.10
p p̄ 0.14 ± 0.05
p p 0.00 ± 1.0

Table 6.9: Ratio of near side conditional yields in peripheral Au+Au data to
PYTHIA from Table 6.7. Errors are statistical only.
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Figure 6.14: Associated baryon to meson ratio for far side correlations in
Au+Au and PYTHIA. The Au+Au points come from Figures 5.12 and 5.15,
errors are statistical only. The solid black line shows the baryon to meson
ratio for single identified charge particles as measured in PHENIX [40]. No
feed-down correction is applied.
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Chapter 7

Conclusions

In the analyses presented here we have attempted to understand the source of

the baryon excess in central Au+Au collisions using two- particle azimuthal

correlations in Au+Au, d+Au and p+p collisions. We have studied the con-

ditional yields of partners per trigger as a function of the trigger and partner

type and the collision centrality in Au+Au. The results have been compared

to recombination models and PYTHIA.

7.1 Baryons Come from Jets

The data presented show that the primary source of the baryon excess observed

in Au+Au collisions is a jet like mechanism. The non-zero yield of associated

particles per trigger shown in Figures 5.8 and 5.5 for baryon triggers means

that whatever production mechanism creates the baryons also creates particles

nearby in ∆φ and around ∆φ = π in a manner characteristic of jet fragmen-

tation. Additionally, the similarity between the baryon and meson triggered
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yields on both the near and away side suggests that whatever influence the

medium in Au+Au collisions has on the jets does not depend on the trigger

type except in the most central collisions. The rate of baryon triggered jets

follows binary scaling, but the jets themselves interact with the medium in the

same way meson triggered jets do. This is not surprising since the associated

particles are the same in both cases and should fragment independently of the

trigger hadron.

As was discussed in Section 6.3, some process lowers the associated yields

for baryon triggered correlations in the most central 10% Au+Au collisions.

But, because of the magnitude and the centrality dependence, it cannot ac-

count for the entire baryon excess. Additionally, in Figure 5.9 there is no signif-

icant difference between the baryon and meson triggered away side associated

yields. This is consistent with a scenario where the near side fragmentation is

modified to produce extra baryons and a reduced yield per trigger in the pT

ranges measured here, but where the underlying hard scattering, and thus the

away side jet, is the same for both baryon and meson triggers. If that is the

case, at some partner pT range the baryon triggered associated yields must be

greater than the meson triggered yields to include the missing pT in the pT

range measured here. Higher statistics measurements over a broad partner pT

range are needed to address this question.

Figures 5.10, 5.11, 5.12, 5.13, 5.14 and 5.15 where both particles are iden-

tified as baryons or mesons further support the conclusion that the baryon

excess arises from a jet-like source. The only significant difference between

baryon and meson triggers is the decrease in the baryon triggered associated

meson yields for the most central collisions, as is seen for charged hadron
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partners (Figures 5.8 and 5.2). A strong dependence on the partner type is

seen, as is expected from fragmentation. The near and away side yields for

baryon partners are lower than the corresponding yields for meson partners,

independent of whether the trigger is a baryon or a meson.

7.2 Jets in Au+Au Collisions are Modified Com-

pared to p+p

The present results clearly show that jets at intermediate pT in mid-central

and central Au+Au collisions are strongly modified compared to jets in d+Au

and p+p collisions. The conditional yield of particles per trigger in Au+Au

collisions is nearly one and a half times the value in d+Au and p+p collisions

(see Figure 5.2). The associated particle pT slopes are similar for all centrali-

ties, perhaps decreasing somewhat for more central collisions. Thus, the total

number of associated particles and the total amount of associated momentum

per trigger particle is approximately one and a half times greater in Au+Au

than in p+p and d+Au collisions. The simplest explanation for the origin of

this excess is the trigger particle losing energy in the medium. There should be

more associated particles because the total average jet energy is higher than

for a similar pT trigger in p+p collisions. Additionally, there should be extra

particles created by the gluons radiated by the trigger particle losing energy.

Unfortunately, quantitative calculations of these effects on conditional yield

measurements and their particle type dependence at intermediate pT have not

been done.

160



The jet width in ∆φ does not change significantly from p+p to central

Au+Au collisions, as would be expected if the jet were escaping from the col-

lision region without having interacted much with the medium, but the con-

ditional yields do increase significantly and jet fragmentation produces many

more baryons than is expected from normal fragmentation. Thus, there must

be significant interaction of the jet particles with the medium.

It is not yet understood how exactly the jets are modified by the medium.

Recombination models are an easy way to conceptualize the jet modification,

but there is no clear and convincing recombination picture that quantitatively

describes the data at this point. Recombination covers a broad enough range

of physics that the flaws in the current calculations do not doom the entire

concept. The v2 scaling with constituent quark number [31] is strong evidence

that recombination indeed occurs.

In order for a theoretical model to satisfactorily explain the origin of baryon

excess it should be able to reproduce the data already measured in Au+Au

collisions and be able to predict the data in Cu+Cu collisions for a variety of

pT selections and particle combinations.

7.3 Future Measurements

The analysis presented here demonstrates conclusively that the baryon excess

observed in central Au+Au collisions at
√

sNN=200GeV has a jet origin. It

also demonstrates that recombination from an uncorrelated thermal source is

not able to explain baryon or meson production at intermediate pT . Further

measurements are necessary to understand the evolution of jets with the colli-
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sion system and centrality and to understand what, if any, role recombination

scenarios play in particle production. There must be some manifestation of

the baryon excess in two particle correlation observables since the baryons are

being produced via a jet like mechanism.

The most obvious next analysis involves measuring the conditional yields

for identified triggers as a function of trigger pT . The pT range used in

the present analysis is where the baryon excess has reached its peak value

(see Figure 1.11). Both higher and lower trigger pT values would be useful.

Higher pT triggers are possible with a large enough dataset; the PHENIX

TOF resolution does not allow K/p separation after ≈4.0GeV/c , but with an

asymmetric cut allowing only higher mass protons and anti-protons it would

be possible to look at identified baryon triggers with pT out to ≈4.5-5.0GeV/c

where the p/π ratio returns to its p+p value. It might be possible to use the

PHENIX Aerogel to identify baryon triggers with a veto; kaons begin to fire

the aerogel at p =3.3GeV/c and protons begin to fire at p =6.2GeV/c . It is

as yet unclear whether a veto in the aerogel could give a clean enough trigger

sample in a high multiplicity environment. Trigger mesons are possible at all

pT with the direct reconstruction of decayed π0s in the EMCal. Lower pT

triggers, pT ≈2.0GeV/c will contain a much greater soft component making

the jet correlations harder to see, but with sufficient statistics a measurement

should be possible.

Another extension which will be possible with an increase in statistics is

lower partner pT . Again, the jet signal would be diluted by the increased

contribution of soft particles. Also, the measurement is complicated by con-

tamination from resonance decays which can create non-jet trigger/partner
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pairs. These problems can be overcome. The inclusion of lower pT partner

particles would offer a more complete view of the jet and could be more sen-

sitive to interactions between the jet and the medium.

The system and energy dependence of the associated yields are also of

interest; both Au+Au collisions at
√

sNN=62.4GeV and Cu+Cu collisions at

√
sNN=200GeV show increased p

π+ and p̄
π− ratios in the intermediate pT region

in central collisions compared to p+p and d+Au collisions (Figures 7.1 and

7.2). In these systems it would be useful to separate p triggers from p̄ triggers

because the higher p
π+ ratio compared to p̄

π− ratio in central collisions means

that a large number of the protons are not produced in the collision, but

come from the baryon number carried by the incoming nucleus. Two particle

correlations of identified particles in these systems would help understand how

the fragmentation is modified in heavy ion collisions.

Complete understanding of the hadronization process at intermediate pT in

heavy ion collisions will require both jet studies with comprehensive particle

identification and pT selections and a believable theoretical model in which

the results can be interpreted. This work has shown that the fragmentation

process is modified in heavy ion collisions in a manner that is not explicable in

current models. In order to establish a solid baseline for these measurements

the same studies must be done in a control system such as p+p collisions at

the same energy. The p+p data taken in Run 5 should be sufficient for these

studies. The PYTHIA comparisons made here are not a long term substitute

for experimental data.
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Figure 7.1: p
π+ (left) and p̄

π− (right) ratio in
√

sNN=62.4GeV Au+Au collisions
as a function of pT . Errors are statistical. No feed down correction is applied.
Figure is from [64].

Figure 7.2: p
π+ (left) and p̄

π− (right) ratio in
√

sNN=200GeV Cu+Cu colli-
sions as a function of pT . Central (red circles) and peripheral (blue squares)
collisions are shown. No feed down correction is applied. Figure if from [64].
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Appendix A

Fits to Single Particle Yields for

ξ Values

A.0.1 Au+Au Fits
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Figure A.1: Top panels show fits to the charge particle integrated yields from
[25] as a function of Ncoll (left) and Npart (right) for pT =1.05GeV/c . Red
dashed lines are fits to the arctan function and solid black lines are fits to the
saturating exponential function. Bottom panels show the ratio of data to the
fit as a function of Ncoll (left) and Npart (right). Red circles are for the arctan
fits and black squares are for the saturating exponential fits. Fit parameters
are shown in Table A.1.

A B α
Ncoll arctan 17.0098 0.00161608 0.879074

sat. exp. 27.646 -0.000922618 0.903036
Npart arctan 20.8404 0.000527143 1.19376

sat. exp. 39.9932 -0.000257328 1.2152

Table A.1: Fit values for charged particle yields at pT =1.05GeV/c from [25].
The fit equations are Equations. 4.6 and 4.7.

A B α
Ncoll arctan 11.6601 0.00155262 0.893044

sat. exp. 18.5279 -0.000901165 0.918737
Npart arctan 13.9485 0.000509222 1.21353

sat. exp. 25.5536 -0.000258043 1.2378

Table A.2: Fit values for charged particle yields at pT =1.15GeV/c from [25].
The fit equations are Equations. 4.6 and 4.7.
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Figure A.2: Top panels show fits to the charge particle integrated yields from
[25] as a function of Ncoll (left) and Npart (right) for pT =1.15GeV/c . Red
dashed lines are fits to the arctan function and solid black lines are fits to the
saturating exponential function. Bottom panels show the ratio of data to the
fit as a function of Ncoll (left) and Npart (right). Red circles are for the arctan
fits and black squares are for the saturating exponential fits. Fit parameters
are shown in Table A.2.

A B α
Ncoll arctan 8.32717 0.00147625 0.903019

sat. exp. 13.1093 -0.000861669 0.929607
Npart arctan 9.89262 0.000481785 1.22743

sat. exp. 17.7822 -0.000247469 1.25319

Table A.3: Fit values for charged particle yields at pT =1.25GeV/c from [25].
The fit equations are Equations. 4.6 and 4.7.

A B α
Ncoll arctan 5.99039 0.00141749 0.910745

sat. exp. 9.4408 -0.000826981 0.937192
Npart arctan 7.0615 0.000461376 1.23849

sat. exp. 12.6751 -0.000237493 1.26414

Table A.4: Fit values for charged particle yields at pT =1.35GeV/c from [25].
The fit equations are Equations. 4.6 and 4.7.
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Figure A.3: Top panels show fits to the charge particle integrated yields from
[25] as a function of Ncoll (left) and Npart (right) for pT =1.25GeV/c . Red
dashed lines are fits to the arctan function and solid black lines are fits to the
saturating exponential function. Bottom panels show the ratio of data to the
fit as a function of Ncoll (left) and Npart (right). Red circles are for the arctan
fits and black squares are for the saturating exponential fits. Fit parameters
are shown in Table A.3.
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Figure A.4: Top panels show fits to the charge particle integrated yields from
[25] as a function of Ncoll (left) and Npart (right) for pT =1.35GeV/c . Red
dashed lines are fits to the arctan function and solid black lines are fits to the
saturating exponential function. Bottom panels show the ratio of data to the
fit as a function of Ncoll (left) and Npart (right). Red circles are for the arctan
fits and black squares are for the saturating exponential fits. Fit parameters
are shown in Table A.4.
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Figure A.5: Top panels show fits to the charge particle integrated yields from
[25] as a function of Ncoll (left) and Npart (right) for pT =1.55GeV/c . Red
dashed lines are fits to the arctan function and solid black lines are fits to the
saturating exponential function. Bottom panels show the ratio of data to the
fit as a function of Ncoll (left) and Npart (right). Red circles are for the arctan
fits and black squares are for the saturating exponential fits. Fit parameters
are shown in Table A.5.

A B α
Ncoll arctan 3.07339 0.00138509 0.920084

sat. exp. 4.76149 -0.000817552 0.948025
Npart arctan 3.5759 0.000451364 1.25159

sat. exp. 6.21121 -0.000238056 1.27974

Table A.5: Fit values for charged particle yields at pT =1.55GeV/c from [25].
The fit equations are Equations. 4.6 and 4.7.

A B α
Ncoll arctan 0.787407 0.00142642 0.939932

sat. exp. 1.15314 -0.000876653 0.972976
Npart arctan 0.878761 0.000473407 1.27911

sat. exp. 1.38322 -0.000268297 1.31579

Table A.6: Fit values for charged particle yields at pT =1.95GeV/c from [25].
The fit equations are Equations. 4.6 and 4.7.
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Figure A.6: Top panels show fits to the charge particle integrated yields from
[25] as a function of Ncoll (left) and Npart (right) for pT =1.95GeV/c . Red
dashed lines are fits to the arctan function and solid black lines are fits to the
saturating exponential function. Bottom panels show the ratio of data to the
fit as a function of Ncoll (left) and Npart (right). Red circles are for the arctan
fits and black squares are for the saturating exponential fits. Fit parameters
are shown in Table A.6.

A B α
Ncoll arctan 0.619124 0.00147256 0.930078

sat. exp. 0.914335 -0.000898531 0.962651
Npart arctan 0.686705 0.000497328 1.26633

sat. exp. 1.08525 -0.000280269 1.30332

Table A.7: Fit values for charged meson (π± and K± yields at pT =1.95GeV/c
from [27]. The fit equations are Equations. 4.6 and 4.7.

A B α
Ncoll arctan 0.234321 0.000634797 1.04105

sat. exp. 0.361394 -0.000369036 1.07213
Npart arctan 0.2582 0.000185445 1.42524

sat. exp. 0.427169 -9.93847e-05 1.46091

Table A.8: Fit values for charged baryon (p and p̄ yields at pT =1.95GeV/c
from [27]. The fit equations are Equations. 4.6 and 4.7.
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Figure A.7: Top panels show fits to the meson (π± and K±) integrated yields
from [27] as a function of Ncoll (left) and Npart (right) for pT =1.95GeV/c .
Red dashed lines are fits to the arctan function and solid black lines are fits
to the saturating exponential function. Bottom panels show the ratio of data
to the fit as a function of Ncoll (left) and Npart (right). Red circles are for
the arctan fits and black squares are for the saturating exponential fits. Fit
parameters are shown in Table A.7.

A B α
Ncoll arctan 0.0143645 0.00380828 1.02562

sat. exp. 0.0197924 -0.00272521 1.04988
Npart arctan 0.0147037 0.00131608 1.38262

sat. exp. 0.0200944 -0.000901298 1.42302

Table A.9: Fit values for π0 yields at pT =2.75GeV/c from [60]. The fit
equations are Equations. 4.6 and 4.7.
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Figure A.8: Top panels show fits to the baryon (p and p̄) integrated yields
from [27] as a function of Ncoll (left) and Npart (right) for pT =1.95GeV/c .
Red dashed lines are fits to the arctan function and solid black lines are fits
to the saturating exponential function. Bottom panels show the ratio of data
to the fit as a function of Ncoll (left) and Npart (right). Red circles are for
the arctan fits and black squares are for the saturating exponential fits. Fit
parameters are shown in Table A.8.
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Figure A.9: Top panels show fits to the π0 integrated yields from [60] as a
function of Ncoll (left) and Npart (right) for pT =2.75GeV/c . Red dashed lines
are fits to the arctan function and solid black lines are fits to the saturating
exponential function. Bottom panels show the ratio of data to the fit as a
function of Ncoll (left) and Npart (right). Red circles are for the arctan fits and
black squares are for the saturating exponential fits. Fit parameters are shown
in Table A.9.
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Figure A.10: Top panels show fits to the baryon (p and p̄) integrated yields
from [27] as a function of Ncoll (left) and Npart (right) for pT =2.70GeV/c .
Red dashed lines are fits to the arctan function and solid black lines are fits
to the saturating exponential function. Bottom panels show the ratio of data
to the fit as a function of Ncoll (left) and Npart (right). Red circles are for
the arctan fits and black squares are for the saturating exponential fits. Fit
parameters are shown in Table A.10.

A B α
Ncoll arctan 0.0228036 0.000703435 1.08075

sat. exp. 0.0311713 -0.000437324 1.12726
Npart arctan 0.023975 0.000206535 1.47947

sat. exp. 0.0333541 -0.00012066 1.54059

Table A.10: Fit values for charged baryon (p and p̄ yields at pT =2.70GeV/c
from [27]. The fit equations are Equations. 4.6 and 4.7.

A.0.2 d+Au Fits
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Figure A.11: Proton/anti-proton yield at 2.95GeV in d+Au as a function of
Ncoll from [40] with fit to an arctan

Figure A.12: Proton/anti-proton yield at 2.95GeV in d+Au as a function of
Npart from [40] with fit to an arctan
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Figure A.13: Charged hadron yield at 2.9GeV in d+Au as a function of Ncoll

from [54] with fit to an arctan

Figure A.14: Charged hadron yield at 2.9GeV in d+Au as a function of Npart

from [54] with fit to an arctan
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Figure A.15: Charged hadron yield at 1.95GeV in d+Au as a function of Ncoll

from [54] with fit to an arctan

Figure A.16: Charged hadron yield at 1.95GeV in d+Au as a function of Npart

from [54] with fit to an arctan
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Type N Fit Function A B α
protons at < pT >= 2.95GeV Ncoll arctan 0.037 0.000284 1.59
protons at < pT >= 2.95GeV Npart arctan 0.0245 0.00098 1.31
ch. part. at < pT >= 2.9GeV Ncoll arctan 0.032 0.00148 1.266
ch. part. at < pT >= 2.9GeV Npart arctan 0.039 0.00167 1.18
ch. part. at < pT >= 1.95GeV Ncoll arctan 0.0405 0.0125 1.34
ch. part. at < pT >= 1.95GeV Npart arctan 0.027 0.0225 1.34

Table A.11: Fit parameters to the charged particle yields used to determine ξ
in d+Au. See text for parameter definitions and the resulting ξ values.
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Appendix B

ξ Values

B.0.3 Au+Au ξ Values in Run4

The following tables show the ξ values used in the Run 4 analysis for the

different trigger and partner combinations.
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Centrality Ncoll satexp. Npart satexp. Ncoll arctan Npart arctan
0 1.00081 1.0005 1.00083 1.00094
5 1.00283 1.00121 1.00134 1.00133
10 1.00344 1.00363 1.00202 1.0022
15 1.00559 1.00619 1.00323 1.00358
20 1.00852 1.01 1.00502 1.00552
25 1.01367 1.01382 1.00804 1.00864
30 1.01945 1.02088 1.01077 1.01126
35 1.02996 1.02788 1.01512 1.01467
40 1.04078 1.04037 1.0235 1.02263
45 1.05744 1.05644 1.03358 1.03264
50 1.07931 1.07509 1.05344 1.05233
55 1.11017 1.10761 1.0805 1.08468
60 1.15684 1.15216 1.12739 1.12551
65 1.23416 1.24113 1.21442 1.21394
70 1.2939 1.30751 1.31426 1.3223
75 1.38883 1.39925 1.41244 1.41966
80 1.45485 1.4945 1.48932 1.51535
85 1.59569 1.65636 1.63501 1.67991

Table B.1: ξ values used for meson triggers from 2.5< pT <4.0 GeV/c and
unidentified partners from 1.7< pT <2.5GeV/c . Centrality values listed are
the low edge of the 5% centrality bins used.
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Centrality Ncoll satexp. Npart satexp. Ncoll arctan Npart arctan
0 1.00359 1.00285 1.00177 1.00205
5 1.0061 1.00686 1.00401 1.00449
10 1.01065 1.0106 1.00604 1.00638
15 1.01443 1.01331 1.00814 1.0077
20 1.02019 1.02038 1.01155 1.0092
25 1.0262 1.02518 1.01365 1.01319
30 1.03421 1.03237 1.01962 1.01859
35 1.04092 1.04086 1.02294 1.02252
40 1.05202 1.04999 1.03056 1.02763
45 1.06838 1.07246 1.04056 1.03783
50 1.0903 1.0908 1.06137 1.06426
55 1.11826 1.1248 1.08755 1.10042
60 1.16733 1.17897 1.13088 1.14559
65 1.25128 1.27127 1.22891 1.22944
70 1.31984 1.35639 1.32807 1.36997
75 1.41166 1.42923 1.47026 1.45922
80 1.47123 1.45981 1.53015 1.5849
85 1.66908 1.637 1.68661 1.74399

Table B.2: ξ values used for baryon triggers from 2.5< pT <4.0 GeV/c and
unidentified partners from 1.7< pT <2.5GeV/c . Centrality bins listed are the
low edge of the 5% centrality bins used.

189



Centrality Ncoll satexp. Npart satexp. Ncoll arctan Npart arctan
0 1.00122 1.0003 1.00046 0.999304
5 1.00157 1.00107 1.00162 1.00148
10 1.00292 1.00316 1.00262 1.00159
15 1.00543 1.00498 1.00238 1.00292
20 1.00855 1.00857 1.00493 1.00443
25 1.01291 1.014 1.00654 1.00775
30 1.01831 1.01889 1.00993 1.01123
35 1.02761 1.02821 1.01443 1.01422
40 1.04089 1.03694 1.02301 1.02182
45 1.05288 1.0537 1.03228 1.03103
50 1.07584 1.07329 1.05077 1.05263
55 1.10337 1.10309 1.07849 1.07898
60 1.15078 1.15 1.12771 1.12738
65 1.21853 1.23025 1.20265 1.2169
70 1.29442 1.30462 1.28963 1.31661
75 1.37374 1.39652 1.37624 1.44431
80 1.42393 1.47866 1.48281 1.49594
85 1.58466 1.61018 1.60338 1.62899

Table B.3: ξ values used for meson triggers from 2.5< pT <4.0 GeV/c and
meson partners from 1.7< pT <2.5GeV/c . Centrality bins listed are the low
edge of the 5% centrality bins used.
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Centrality Ncoll satexp. Npart satexp. Ncoll arctan Npart arctan
0 1.00087 1.00037 1.00103 0.999791
5 1.00207 1.00124 1.00138 1.0012
10 1.00325 1.00291 1.00324 1.00202
15 1.00618 1.00518 1.0031 1.00335
20 1.00988 1.00998 1.00511 1.00594
25 1.01436 1.01579 1.00743 1.00865
30 1.02022 1.0221 1.01162 1.01224
35 1.03176 1.03193 1.01641 1.01621
40 1.04336 1.04298 1.0259 1.02479
45 1.05921 1.05626 1.03712 1.03228
50 1.08244 1.08577 1.05656 1.0582
55 1.11612 1.113 1.08978 1.10277
60 1.16523 1.16359 1.14119 1.14556
65 1.24972 1.2657 1.22996 1.24257
70 1.33457 1.34496 1.34485 1.35881
75 1.4181 1.42986 1.44481 1.48069
80 1.49926 1.50908 1.52958 1.56928
85 1.64953 1.67852 1.69874 1.76383

Table B.4: ξ values used for meson triggers from 2.5< pT <4.0 GeV/c and
baryon partners from 1.7< pT <2.5GeV/c . Centrality bins listed are the low
edge of the 5% centrality bins used.
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Centrality Ncoll satexp. Npart satexp. Ncoll arctan Npart arctan
0 1.00388 1.00427 1.00202 1.00302
5 1.00591 1.00746 1.00412 1.00446
10 1.01006 1.01052 1.00616 1.0061
15 1.01412 1.01454 1.00769 1.00728
20 1.01895 1.01848 1.01098 1.01088
25 1.02616 1.02418 1.01399 1.01349
30 1.03345 1.03282 1.01911 1.01694
35 1.04037 1.04093 1.02575 1.019
40 1.05409 1.055 1.02976 1.03213
45 1.06661 1.06429 1.04119 1.03941
50 1.08508 1.09558 1.06323 1.06331
55 1.11592 1.12381 1.09233 1.08671
60 1.16845 1.17295 1.13932 1.14732
65 1.24298 1.2588 1.22172 1.2445
70 1.32946 1.34715 1.32769 1.37184
75 1.42348 1.44896 1.42322 1.48188
80 1.48735 1.51944 1.50623 1.54778
85 1.63681 1.65941 1.70831 1.74254

Table B.5: ξ values used for baryon triggers from 2.5< pT <4.0 GeV/c and
meson partners from 1.7< pT <2.5GeV/c . Centrality bins listed are the low
edge of the 5% centrality bins used.
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Centrality Ncoll satexp. Npart satexp. Ncoll arctan Npart arctan
0 1.00385 1.00447 1.00202 1.00304
5 1.00709 1.00836 1.00484 1.0037
10 1.01058 1.01221 1.0063 1.0067
15 1.01605 1.01575 1.00961 1.00913
20 1.02128 1.02344 1.0128 1.01167
25 1.0296 1.02806 1.0158 1.01514
30 1.03943 1.03399 1.02037 1.01701
35 1.04416 1.04591 1.02173 1.02434
40 1.05892 1.05632 1.03377 1.03327
45 1.07384 1.08141 1.04627 1.04306
50 1.09437 1.10727 1.06978 1.06675
55 1.13225 1.14297 1.10489 1.10767
60 1.17687 1.18506 1.15116 1.16907
65 1.27709 1.29976 1.26423 1.27839
70 1.36365 1.37966 1.37577 1.41137
75 1.40029 1.48235 1.491 1.54412
80 1.56742 1.58654 1.60198 1.61124
85 1.7 1.80037 1.75047 1.68611

Table B.6: ξ values used for baryon triggers from 2.5< pT <4.0 GeV/c and
baryon partners from 1.7< pT <2.5GeV/c . These ξ values are also used when
the trigger is identified as either p or p̄ and the partner is also identified as a
p or p̄. Centrality bins listed are the low edge of the 5% centrality bins used.
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B.0.4 Au+Au ξ Values in Run 2

The following tables are the ξ values calculated for the Run 2 analysis for the

different trigger and pT combinations.
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Centrality ξ
Ncoll sat.exp. Npart sat. exp. Ncoll arctan Npart arctan

Leading Mesons
0-5 1.00264 1.00177 1.00217 1.00191
5-10 1.00464 1.00296 1.00395 1.00325
10-15 1.00699 1.00434 1.00667 1.0043
15-20 1.00967 1.00581 1.00883 1.0057
20-25 1.01382 1.00823 1.01412 1.00765
25-30 1.01801 1.00968 1.01853 1.01106
30-35 1.02345 1.01287 1.02387 1.01303
35-40 1.03093 1.01612 1.03135 1.01611
40-45 1.03875 1.0228 1.0402 1.02236
45-50 1.05237 1.02958 1.05621 1.03541
50-55 1.06878 1.0459 1.07021 1.04723
55-60 1.09877 1.07281 1.09653 1.07126
60-65 1.13965 1.11512 1.13105 1.10877
65-70 1.21383 1.19491 1.19767 1.18441
70-75 1.2904 1.27995 1.26118 1.2588
75-80 1.36413 1.36171 1.32677 1.33657
80-85 1.40724 1.42396 1.43908 1.38492
85-90 1.54686 1.56954 1.51006 1.62737

Ncoll sat.exp. Npart sat. exp. Ncoll arctan Npart arctan
Leading Baryons

0-5 1.00421 1.0043 1.00266 1.00424
5-10 1.00409 1.00722 1.00616 1.00406
10-15 1.01041 1.00884 1.01052 1.00766
15-20 1.01109 1.01039 1.01339 1.00838
20-25 1.01817 1.00772 1.01616 1.0101
25-30 1.02216 1.01049 1.01956 1.00924
30-35 1.03041 1.01878 1.02845 1.01638
35-40 1.03351 1.01935 1.03733 1.01906
40-45 1.04293 1.03923 1.04349 1.0222
45-50 1.06037 1.03008 1.05692 1.03458
50-55 1.08168 1.05351 1.07361 1.05154
55-60 1.11422 1.10093 1.11122 1.06764
60-65 1.13492 1.13766 1.15083 1.12584
65-70 1.28475 1.21939 1.21826 1.17594
70-75 1.30362 1.31309 1.33225 1.29803
75-80 1.30632 1.38047 1.39424 1.41303
80-85 1.36329 1.57176 1.38906 1.45594
85-90 1.70709 1.65096 1.48836 1.68689

Table B.7: Values of ξ used for each centrality bin mixed in Au+Au for triggers
with 2.5< pT <4.0GeV/c and partners with 1.7< pT <2.5GeV/c .195



Centrality ξ
Ncoll sat. exp Npart sat. exp. Ncoll arctan Npart arctan

Leading Mesons
0-5 1.00228 1.00196 1.00234 1.00181
5-10 1.00454 1.0033 1.00437 1.00315
10-15 1.00697 1.00464 1.00691 1.00467
15-20 1.01034 1.0057 1.01049 1.00597
20-25 1.01387 1.00801 1.01343 1.00804
25-30 1.01743 1.00971 1.0183 1.01031
30-35 1.0225 1.01254 1.02396 1.01314
35-40 1.0306 1.01624 1.03043 1.01641
40-45 1.03968 1.02175 1.04038 1.02228
45-50 1.05091 1.0291 1.04995 1.0302
50-55 1.06863 1.04615 1.06673 1.04542
55-60 1.09532 1.07049 1.09025 1.0689
60-65 1.13773 1.10764 1.12286 1.1078
65-70 1.2009 1.18607 1.19443 1.17716
70-75 1.276 1.27495 1.24864 1.25831
75-80 1.31276 1.36233 1.35909 1.33421
80-85 1.40133 1.42125 1.3619 1.39207
85-90 1.55147 1.54882 1.49827 1.51934

Leading Baryons
0-5 1.00425 1.00306 1.00421 1.00276
5-10 1.00725 1.00456 1.00679 1.00486
10-15 1.01002 1.00615 1.01018 1.00696
15-20 1.01316 1.00815 1.01398 1.00735
20-25 1.01763 1.01044 1.01856 1.01047
25-30 1.0222 1.01255 1.02299 1.01282
30-35 1.02917 1.01616 1.02899 1.01577
35-40 1.03648 1.02167 1.03655 1.01863
40-45 1.04503 1.0285 1.04608 1.02525
45-50 1.05781 1.03288 1.05923 1.03531
50-55 1.07806 1.0601 1.07714 1.04964
55-60 1.10786 1.08592 1.10321 1.08047
60-65 1.15349 1.12889 1.13833 1.11866
65-70 1.22651 1.22487 1.21395 1.19309
70-75 1.31032 1.29469 1.28573 1.28605
75-80 1.39744 1.42439 1.35421 1.38269
80-85 1.4521 1.41006 1.41489 1.42771
85-90 1.61028 1.69501 1.53395 1.56453

Table B.8: ξ values for each centrality bin in Au+Au for partner 1.45 <
pT 1.7GeV/c
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Centrality ξ
Ncoll sat. exp Npart sat. exp. Ncoll arctan Npart arctan

Leading Mesons
0-5 1.00277 1.00196 1.00253 1.00183
5-10 1.00429 1.00305 1.00459 1.00317
10-15 1.00763 1.00514 1.0067 1.0046
15-20 1.00958 1.00589 1.00826 1.00581
20-25 1.01345 1.00814 1.01378 1.00799
25-30 1.0179 1.01034 1.01847 1.0102
30-35 1.02283 1.01275 1.02472 1.0129
35-40 1.03041 1.01565 1.03163 1.01613
40-45 1.03792 1.02177 1.03992 1.02203
45-50 1.05263 1.02957 1.0487 1.02969
50-55 1.06855 1.0458 1.0658 1.04462
55-60 1.09375 1.07021 1.0922 1.06815
60-65 1.1329 1.11057 1.13278 1.10609
65-70 1.20035 1.18337 1.18869 1.17432
70-75 1.27342 1.26292 1.25112 1.25356
75-80 1.34241 1.35899 1.31181 1.33034
80-85 1.39642 1.41767 1.35039 1.38575
85-90 1.52832 1.54436 1.49051 1.5098

Leading Baryons
0-5 1.00469 1.00283 1.00409 1.00316
5-10 1.00681 1.00444 1.00732 1.00505
10-15 1.01033 1.00662 1.00946 1.00647
15-20 1.01346 1.00796 1.01386 1.00801
20-25 1.01776 1.00947 1.01797 1.01035
25-30 1.02257 1.01315 1.02158 1.01289
30-35 1.02849 1.01837 1.03016 1.01623
35-40 1.03686 1.02038 1.03483 1.01831
40-45 1.0413 1.02662 1.04425 1.02532
45-50 1.06095 1.03682 1.05806 1.03451
50-55 1.07632 1.04951 1.07307 1.05092
55-60 1.10134 1.06809 1.11075 1.07476
60-65 1.155 1.12687 1.14263 1.11341
65-70 1.21862 1.21549 1.22186 1.19417
70-75 1.28699 1.30877 1.27693 1.26631
75-80 1.40652 1.43366 1.37951 1.34913
80-85 1.44185 1.55523 1.40746 1.43001
85-90 1.64051 1.66456 1.60201 1.57258

Table B.9: ξ values for each centrality bin in Au+Au for partner 1.3 <
pT 1.45GeV/c
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Centrality ξ
Ncoll sat. exp Npart sat. exp. Ncoll arctan Npart arctan

Leading Mesons
0-5 1.00274 1.00146 1.00246 1.00178
5-10 1.00456 1.00254 1.00434 1.00307
10-15 1.00702 1.00465 1.00696 1.00456
15-20 1.00972 1.00547 1.00988 1.00592
20-25 1.01352 1.00743 1.01373 1.00792
25-30 1.01789 1.01072 1.01829 1.01012
30-35 1.02355 1.01218 1.02394 1.01289
35-40 1.02873 1.01598 1.03074 1.01609
40-45 1.03922 1.02139 1.03883 1.02182
45-50 1.05125 1.02922 1.0498 1.02947
50-55 1.0691 1.04672 1.06527 1.04433
55-60 1.09431 1.06824 1.08926 1.06856
60-65 1.13138 1.1095 1.1246 1.10635
65-70 1.19999 1.18295 1.18707 1.17352
70-75 1.27198 1.27528 1.24761 1.25341
75-80 1.34518 1.35472 1.31457 1.33029
80-85 1.39898 1.412 1.36021 1.3849
85-90 1.52798 1.54927 1.48858 1.5094

Leading Baryons
0-5 1.00419 1.00285 1.00401 1.00284
5-10 1.00673 1.00443 1.00645 1.00487
10-15 1.00972 1.00677 1.01002 1.00639
15-20 1.01337 1.00766 1.01343 1.00793
20-25 1.01723 1.01032 1.01814 1.0103
25-30 1.02174 1.01354 1.02277 1.01245
30-35 1.02863 1.01581 1.02869 1.01541
35-40 1.03574 1.01945 1.03619 1.01884
40-45 1.04568 1.02681 1.04414 1.02524
45-50 1.05845 1.03599 1.05751 1.03311
50-55 1.07735 1.05458 1.07545 1.04965
55-60 1.10667 1.08284 1.10018 1.07561
60-65 1.14918 1.12982 1.13816 1.11663
65-70 1.2232 1.21101 1.21149 1.19353
70-75 1.29622 1.30646 1.27912 1.27816
75-80 1.37906 1.40776 1.35239 1.36576
80-85 1.43914 1.47594 1.40562 1.42546
85-90 1.57869 1.65396 1.53251 1.56437

Table B.10: ξ values for each centrality bin in Au+Au for partner 1.2 <
pT 1.3GeV/c
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Centrality ξ
Ncoll sat. exp Npart sat. exp. Ncoll arctan Npart arctan

Leading Mesons
0-5 1.00276 1.00189 1.00241 1.00179
5-10 1.00524 1.00286 1.00424 1.0031
10-15 1.00767 1.00454 1.00695 1.00455
15-20 1.01063 1.0057 1.00991 1.00587
20-25 1.0141 1.00765 1.01343 1.00786
25-30 1.0186 1.01047 1.01793 1.00998
30-35 1.02337 1.01207 1.02373 1.01275
35-40 1.02922 1.01623 1.03194 1.01585
40-45 1.03799 1.02211 1.04174 1.02149
45-50 1.04668 1.02969 1.04792 1.02904
50-55 1.06363 1.04641 1.0646 1.04397
55-60 1.0936 1.07319 1.09096 1.06693
60-65 1.12624 1.10872 1.11133 1.10398
65-70 1.19722 1.18197 1.1784 1.17107
70-75 1.26024 1.2668 1.2383 1.24966
75-80 1.33468 1.34945 1.33286 1.32438
80-85 1.36902 1.40507 1.36817 1.38016
85-90 1.53924 1.51154 1.51548 1.50124

Leading Baryons
0-5 1.00428 1.0028 1.00396 1.00302
5-10 1.00676 1.00371 1.00688 1.00502
10-15 1.01029 1.00591 1.00974 1.00652
15-20 1.01324 1.00703 1.01317 1.00786
20-25 1.01707 1.01139 1.01782 1.0099
25-30 1.02214 1.01207 1.02293 1.01285
30-35 1.02814 1.01671 1.02787 1.01509
35-40 1.03681 1.02018 1.03518 1.01832
40-45 1.04563 1.02715 1.04191 1.02461
45-50 1.05785 1.03287 1.05234 1.03226
50-55 1.07547 1.05851 1.06778 1.04654
55-60 1.10788 1.0804 1.09639 1.07321
60-65 1.14874 1.1295 1.14495 1.11836
65-70 1.22137 1.20834 1.20427 1.18726
70-75 1.30207 1.31143 1.24968 1.27785
75-80 1.37388 1.41653 1.34848 1.33743
80-85 1.47889 1.48709 1.39902 1.41828
85-90 1.57085 1.51632 1.56211 1.54936

Table B.11: ξ values for each centrality bin in Au+Au for partner 1.07 <
pT 1.2GeV/c
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Centrality ξ
Ncoll sat. exp Npart sat. exp. Ncoll arctan Npart arctan

Leading Mesons
0-5 1.0027 1.0019 1.00242 1.00181
5-10 1.00435 1.00335 1.00435 1.00306
10-15 1.00684 1.00441 1.00687 1.00448
15-20 1.00956 1.00527 1.00974 1.0058
20-25 1.01321 1.00715 1.01337 1.0077
25-30 1.01654 1.00968 1.01775 1.00984
30-35 1.02284 1.01241 1.02376 1.01255
35-40 1.02739 1.01551 1.03014 1.01564
40-45 1.03744 1.02099 1.03666 1.02124
45-50 1.04806 1.02866 1.04941 1.02853
50-55 1.0651 1.04411 1.0637 1.04308
55-60 1.09128 1.06853 1.08737 1.06596
60-65 1.12967 1.10918 1.11881 1.10309
65-70 1.19653 1.17882 1.18778 1.16914
70-75 1.26557 1.26509 1.24657 1.24611
75-80 1.33474 1.33978 1.31369 1.31908
80-85 1.37105 1.38775 1.38716 1.37241
85-90 1.54342 1.53293 1.47059 1.4931

Leading Baryons
0-5 1.0044 1.00281 1.00371 1.00285
5-10 1.00678 1.00428 1.007 1.00463
10-15 1.01001 1.00604 1.01017 1.00656
15-20 1.01311 1.00786 1.01347 1.00765
20-25 1.01728 1.00958 1.01764 1.00914
25-30 1.02173 1.01215 1.02265 1.01182
30-35 1.02784 1.01378 1.02746 1.01321
35-40 1.03362 1.01966 1.03523 1.01714
40-45 1.04353 1.02601 1.04155 1.02601
45-50 1.05537 1.03672 1.05606 1.03074
50-55 1.0745 1.05475 1.07205 1.04732
55-60 1.10359 1.07842 1.09816 1.07099
60-65 1.14505 1.12271 1.12829 1.11044
65-70 1.21841 1.19576 1.19046 1.19986
70-75 1.29296 1.30583 1.26312 1.26558
75-80 1.37735 1.39789 1.3509 1.36711
80-85 1.41438 1.45699 1.38291 1.42758
85-90 1.58289 1.59005 1.51571 1.54003

Table B.12: ξ values for each centrality bin in Au+Au for partner 1.0 <
pT 1.07GeV/c
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B.0.5 d+Au ξ Values
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pT ξ trigger mesons trigger baryons
Ncoll arctan Npart arctan Ncoll arctan Npart arctan

1.0-1.07 1.65838 1.41941 1.77103 1.45569
1.07-1.2 1.65948 1.42242 1.77304 1.45708
1.2-1.3 1.66826 1.44147 1.78505 1.47969
1.3-1.45 1.68897 1.44137 1.81196 1.47778
1.45-1.7 1.71107 1.45789 1.83464 1.49828
1.7-2.5 1.738 1.477 1.875 1.517

Table B.13: ξ values for each pT bin in dAu
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